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ABSTRACT

Infill materials found in natural rock joints may cause a reduction in joint shear
strength, influencing rock mass stability. The shear strength of rock mass, already
reduced by these discontinuities, will further diminish if they are filled with sediments,
thereby posing significant concerns for any construction or excavation carried out in
rock. These concerns invite accurate quantification of the shear strength of infilled
joints and proper understanding of the basic mechanics of discontinua and the principles
involved in their shear deformation. The practical application of any models developed
through such studies will be of immense help to mining, tunnelling, and all other
underground construction works. The geotechnical research work carried out by the
University of Wollongong in the late 90’s included infilled joint modelling using
hyperbolic techniques. A new shear strength model was developed in these studies for
predicting unfilled and infilled joint strength based on the Fourier transform method,
energy balance principle and the hyperbolic stress-strain simulation.

Taking into account the field conditions frequently encountered, the diversity
observed in joint shear response and the occasional inadequacy of data (for the
estimation of Fourier coefficients and the hyperbolic constants), this study was
undertaken to develop a semi-empirical methodology for predicting the shear strength
of infilled joints. In this research study joint shear behaviour was studied under CNS
and CNL conditions and also the effect of joint orientation and confinement. The study
aimed to develop a methodology which includes joint surface characteristics, joint
properties, and infill materials. A new model for predicting the shear strength of infilled
joints based on a series of tests carried out on two types of model joint surfaces (with
v

asperity angles of 9.50 and 18.50) is presented. Graphite, bentonite and clayey sand were
used as infill materials. All tests were carried out in a large-scale shear apparatus under
constant normal stiffness (CNS) conditions. The results indicate that at low infill
thickness to asperity height ratio (t/a), the combined effect of the basic friction angle
(ϕb) and the joint asperity angle (i) is pronounced, but diminishes with increasing t/a
ratio so that the shear strength converges towards the infill alone. This decrease in shear
strength with increasing t/a ratio is represented in a normalised manner by dividing the
peak shear stress by the corresponding normal stress. Summation of two algebraic
functions (A and B) that represent the joint and infill characteristics, correctly model the
decay of normalised shear strength with increasing t/a ratio.

The new model

successfully describes the shear strength of the graphite, clay (bentonite) and clayey
sand filled model joints.
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INTRODUCTION

1. 1 GENERAL INTRODUCTION

Rock mass is characterised by joints, fractures and other planes of weakness that
reduce the shear strength (Brown, 1970; Hoek, 1983; Barton, 1986). When an
excavation is carried out, primary rock movements take place along the existing joints
due to stress relief and associated stress re-distribution. Therefore, it is important to
quantify the shear strength of discontinuities in the design and construction of surface
and underground rock structures as well as in mining operations. Over many years, fine
sediments resulting from weathering and other surface processes could subsequently
ingress to rock joints, reducing the overall shear strength of the joint surface. The
jointed rock mass often fails due to these infilled joints because they are often the
weakest planes initiating sliding (Barton, 1974).
In past, Laboratory tests were conducted on infilled joints primarily under
constant normal load (CNL) conditions (e.g. Goodman, 1970; Kanji, 1974; Lama, 1978;
Barla et al., 1985; Bertacchi et al., 1986; Pereira, 1990; Phien-wej et a., 1990 and de
Toledo & de Freitas, 1993). For non-planar discontinuities, shearing often results in
dilation as one asperity overrides another. In confined environments, if the surrounding
rock mass cannot deform sufficiently, there is an inevitable increase in normal stress
during shearing. In underground mining, the CNL condition is often unrealistic because
normal stresses change continuously during joint displacements, therefore the CNS
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method is preferable to the conventional CNL method, as also described by Goodman
(1976).

The simpler constant normal load (CNL) test has been conducted to obtain the
strength envelopes of infilled and clean joints. Considering these field conditions, some
researchers have carried out tests for clean joints under CNS, concentrating on
underground excavations and mining (Johnstone & Lam, 1989; Skinas et al., 1990;
Ohnishi & Dharmaratne, 1990; Haberfield & Johnstone, 1994). Chang et al. (1996) and
Indraratna et al. (1999) recently conducted CNS tests on infilled joints and concluded
that the shear response is the combined effect of infill, joint properties, and the initial
normal stress (σno).

Most natural infill materials transported by water may be categorised as cohesive
(silty clay) or frictional (silt, silty sand, etc.). Rock joints also contain in-situ weathering
products (gouge) blended with transported sediments. Joints with saturated clayey infill
have low shear resistance which initiates considerable rock mass sliding (eg. Kangaroo
Valley, New South Wales, Australia). Rock mass in tectonically active zones usually
contain more joints because tectonic forces are characterised by thrusting and folding.
Infill found in these environments may be characterised by magmatic intrusions such as
pegmatites, quartz and graphite veins (Chappel, 1975), and the discontinuities made by
these intrusions could be considered as healed joints (Brady & Brown, 1994). These
healed joints containing pegmatite, quartz and calcite help increase the joint shear
strength because they are cemented to both sides of the joint. In contrast, graphite veins
cause an excessive reduction in the overall shear strength of rock mass under intact and
disturbed conditions because its brittle nature (fine well oriented needle structure) and
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very low cohesionless frictional properties. The obvious effects of this have been amply
demonstrated in Sri Lanka for instance, where catastrophic caving of mine openings
have recently been encountered due to rapid slip along the graphite split veins
(Indraratna & Welideniya, 2003).

A crucial factor in evaluating the economic viability of underground graphite
mines is the cost of reinforcing unstable underground openings (jointed walls). This
instability is common in tunnels as well as in other underground excavations such as
stopes, shafts, ore-passes and storage caverns at depths of 500-700m. The main cause of
instability is joints with graphite infill (minor split veins) which branch out from major
veins, forming unstable rock wedges daylighting to excavations. Under these conditions
rock blocks unable to shear sufficiently cause an inevitable increase in the normal stress
under Constant Normal Stiffness (CNS). These conditions are more realistic when
simulating rock joint shear behaviour where the Constant Normal Stiffness (CNS)
approach is better than the Constant Normal Load (CNL) method.

Considering the limited research on infilled joints under CNS conditions, this
research is undertaken to gain a proper understanding of their shear behaviour,
particularly the infill type. In this research, natural graphite, clay (commercial bentonite)
and clayey sand have been used as types of joint fill, the affect of which is under
investigation. This study has also been extended to evaluate the shear behaviour of
graphite infilled joints under CNL conditions as well, to appropriately quantify the
effects of CNS and CNL conditions on joint shear behaviour.

3

Chapter 1

Introduction

1. 2 BACKGROUND TO THE STUDY

As described above rock slides & falls on surface conditions as well as caving or
sliding of rock blocks in underground environments may be caused by joints infilled
with foreign material which drastically reduces the shear strength of jointed rock mass.
Some landslides that occurred in the past were occasionally triggered by rock
movements caused by shearing through weak infilled joints. In addition to rock
movements on the surface, rock slides occurring in confined environments are also
caused by rock joints and in some instances, by infilled joints. Infilled joints in shallow
underground environments may be caused by weathering and surface processes
transported by gravity, or water. There is another type of infill which causes
discontinuities in the rock mass and reduces rock mass strength. These discontinuities
are mostly seen as intrusions in metamorphic rocky terrain which force their way
through the rock as dykes or sills. Sometimes these dykes occur as highly mineralised
veins; the graphite mines in Sri Lanka are an example of this phenomenon. These mines
are plagued with stability problems due to crisscrossing minor split veins found in the
host rock.

One crucial factor in the evaluation of economic viability of underground graphite
mines is the cost of reinforcing unstable underground openings. If these discontinuities
in mine stopes define unstable rock wedges, the mandatory installation of supports
significantly increases the cost of the overall mining budget. This study will evaluate
the shear behaviour of graphite infilled joints to compare the affect of graphite infill on
joint shear behaviour with other types of infill such as bentonite and clayey sand.
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Two types of regular toothed joints have been selected for simplicity of
modelling. Although idealised triangular asperities do not perfectly represent the more
irregular or wavy joint profiles in the field they still provide a simplified basis for
comparing the affect of different infill types upon shearing, and to understand the effect
of varying normal load on joint deformation. Because the well-known joint models such
as Newland and Alley (1957), Goodman (1970), Patton (1966), Ladyani & Archambault
(1977) and Barton and Bandis (1990) basically address the shear behaviour of clean
joints in the absence of any infill or gouge material, the key objective of this study has
been to develop an appropriate mathematical model to represent the CNS shear strength
of infilled joints. This study has also focused on developing a mathematical model to
predict the shear strength of infilled joints with different types of infill (graphite,
bentonite and clayey sand) using measurable parameters such as the basic friction angle
(φb), internal friction angle of fill (ϕfill) and the infill thickness to asperity height ratio
(t/a).
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1. 3 OBJECTIVES OF THE STUDY

The main objective of this research was to explore the affect of different infill
types on joint shear behaviour with special emphasis on graphite infilled joints.
Graphite mining is the major hard rock mining industry in Sri Lanka, it has a long
history and plays a vital role in the national economy. This study will explain the affect
of infill leading to instability of rock mass discontinuities. A vivid example of this was
the Kangaroo valley (New South Wales, Australia) rock slide which occurred, because
the shear strength of the rock joints was reduced because of saturated clay infill in the
joints. The other objectives of this study are as follows:
•

A brief and critical review of past research work in the area of jointed rock
shear strength, and a comprehensive review of infilled joint shear strength
under Constant Normal Load (CNL) and Constant Normal Stiffness (CNS)
conditions.

•

Laboratory investigation of shear behaviour of graphite, bentonite and
clayey sand infilled joints under CNS conditions.

•

Laboratory investigation of shear behaviour of graphite infilled joints under
CNL conditions

•

Laboratory study of confining stress on infilled joint shear behaviour, based
on triaxial testing.

•

Development of a mathematical model to predict the shear strength of
infilled joints with various infill material types.

6
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1. 4 GEOLOGY OF SAMPLING SITES AND INTRODUCTION TO INFILL
MATERIALS

1.4.1

Geological environment and lithology of graphite mines

Graphite produced in Sri Lanka comes from the deepest vein type graphite mines in
the world (depth ranging from 400-800m) and well known for its purity (carbon content
from 95-99%). These graphite occurrences are confined to the precambrian
metasedimentary belts (Wanni complex close to the north western part of the Highland
Complex) and the south western part of the Highland Complex (Fig. 1.1; modified after
Cooray, 1994 and Mineral Resources Map of Sri Lanka, 1983). The lithological
environment associated with graphite reflects a metamorphosed pelite-sandstone
limestone sequence and charnokitic rocks. This type of rock suite is common to graphite
occurrences in some other parts of the world as well. Though disputed, there are a
number of hypotheses (theories) on the origin of graphite which are briefly discussed
below as in introduction to the type of infill used in this study.

The association of vein graphite with calcareous rocks prompted some workers
to believe that CO2 derived from decarbonation reactions is the source of graphite.
Another view is that graphite is direct a consequence of granulite facies metamorphism
in the presence of CO2-rich fluid transported through the crust (Katz, 1987). It was also
believed that the source of carbon for vein graphite was organic matter that would have
been present in the precambrian sedimentary basin (Dissanayake, 1981; Dissanayake
and Munasinghe, 1985). Most of the graphite veins are arranged in “en-echelon” array,
a feature characteristic of many kinds of veins, fractures and dykes (Olson and Pollard,
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1991). Generally, branch veins propagate from the main graphite veins obliquely, or
nearly perpendicular to them.

A simple tectonic style is observed in the Bogala mining area, comprising a
series of NNW-SSE folds and a series of well marked NE-SW and NW-SE fracture
lineaments. Some of the folds are isoclinal and overturned to the east. Tectonically, the
Bogala area is within an overturned, refolded antiform, which is part of a large NNWSSE running overturned antiform. Graphite deposits are of the vein type, running in an
E-W to WNW-ESE direction, dipping steeply (Fig. 1.2) to the north and south, and
crossing the fold axial trace. These veins are normal-type faults with displacements
ranging from a few centimetres to a few metres (Fig. 1.3).
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zKahatagaha-Kolongaha mines
Kandy

zBogala mines

Figure 1.1Geology of Sri Lanka and major graphite mining sites.
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This graphite bearing area is hosted by high-grade metamorphic rocks, and the
chief lithological units are charnokitic gneisses, pelitic gneisses and quartzites. The
pelitic gneisses are mainly garnet-biotite-sillimanite ± cordierite gneisses. Cordierite
may also be present in charnokitic gneisses in this area. Thin marble bands which
conform to the other metasediments are seen underground. There are isolated
occurrences of pegmatites and quartz veins in the underground openings which have a
similar orientation to the graphite veins.

Graphite bearing pelitic gneisses is the most common and appears to be the most
prominent host rock. This is clearly seen in the distribution pattern of economic graphite
deposits in the Highland Series and the South-western group (refer Geological map of
Sri Lanka, Fig. 1.1). The vein graphite has been developed in the latter, but gradually
decreases towards the Highland Series. Kahatagaha-Kolongaha Mines which has been
selected as a site for investing the effect of split veins on the stability of underground
openings (Fig. 1.4) was located in the Wanni Complex, close to the north western
boundary of the Highland Complex.

In the highland series, graphite deposits were located in scattered areas but in the
south western part of the Highland Complex there are NNW-SSE running belts of
graphite deposits which, according to an earlier geological subdivision, belonged to
South Western Group (Cooray, 1983). This variation can also be seen lithologically, as
exemplified by the major pelitic gneisses and schists of the Highland Series where
graphite is present, sometimes in concentrations of 10% or more (Cooray, 1961). In the
South-Western part of the Highland Complex, it is the cordierite- and silimanite-bearing
pelitic gneisses that have accessory graphite (Cooray, 1978). The general sequences
10
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found in the Highland Series and the south western part of the Wanni and Highland
Complex

(South-western

group)

reflect

compositional

changes,

where

the

stratigraphically thick quartzite-marble-garnet-silimanite gneiss, charnokitic gneiss
sequence occurring in other parts of Highland Series is replaced by narrow layers of
quartzitecalc gneiss, cordierite-bearing garnet-silimanite gneiss and charnokitic gneiss
(Katz, 1971). The geological and structural changes of these graphite bearing areas are
possibly the result of different depositional environments of the two groups
(Munasinghe and Dissanayake, 1982). The Highland Series is considered to have been
laid down in a shallow geosyncline whereas the South-western group, or the south
western part of the Wanni and Highland Complex, was deposited in a deeper trough.

It is believed that graphite veins have been formed by hydraulic fracturing
resulting from tensile stresses created by high pressure carbon rich fluids oozed into
rocks from which graphite has precipitated. The growth of graphite was considered to
have occurred in two ways (Kehelpannala, 1995):

•

Spherulitic (druss like) graphite crystals grown perpendicular to joint
walls in the open space between walls, and

•

Fibrous graphite crystals grown under strain

Many geologists believe that graphite was formed as a result of shallow water
environment deposition of poorly sorted carbonaceous matter in pelitic sediments under
turbulent conditions (as found in the Highland Complex), or migrated to deep water and
deposited under different conditions as found in the South-Western part of the Highland
Complex (Dinalankara et al., 1988).
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As previously stated, samples for laboratory testing were collected from these
Sri Lankan mines, namely Bogala and Kahatagaha-Kolongaha (Fig. 1.1). These samples
were joint specimens containing graphite, graphite powder (used as the infill in joint
shear testing) and joint walls of graphite veins from mine stopes.

Figure 1.2 Minable steeply dipping graphite vein in an open stope of a graphite mine,
Sri Lanka.
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Graphite veins encountered
in a tunnel

Figure 1.3 A tunnel driven in a graphite mine showing the steeply dipping split veins
which cause unstable rock blocks.

Figure 1.4 Graphite split veins encountered in a tunnel excavation de-stabilizing roof
and walls.
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Figure 1.5 Rock slide at Kangaroo valley, New South Wales, Australia.
1.4.2

Geology of Kangaroo valley rock slide (NSW, Australia)

Hawkesbury Sandstone forms the cliffs around Kangaroo Valley, New South
Wales, Australia (Figs. 1.5 and 1.6), providing numerous spectacular waterfalls and
several mesas, such as Broughton Head. The average thickness of sandstone in the
vicinity of Kangaroo Valley is approximately 120 m. Hawkesbury Sandstone overlaps
the Narrabeen Group and disconformably overlies the Illawarra Coal Measures west of
Fitzroy Falls. There are two main types of mudrock interbeds in the Hawkesbury
Sandstone, viz. dark-grey claystones and mid-grey siltstone/fine sandstone laminates.
Generally, the dark-grey claystone infill washouts while the laminates grade into the
underlying sandstone. Hawkesbury Sandstone has very prominent jointing; petrology
study shows that it is a poorly sorted medium to coarse grained sandstone having 6870% quartz, and most clasts being subangular to subrounded. Samples of natural joints
were taken from the rockslide at Kangaroo Valley (Fig. 1.6b). These joints are
composed of highly weathered Hawkesbury sandstone having a uniaxial compression
14
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strength (σc) of 19 - 21 MPa. Pells and Turner (1978) reported a uniaxial strength in the
range of 20-33 MPa for Hawkesbury Sandstone in the Sydney region. A basic friction
angle (φb) of 32o was also observed for saw-cut surfaces of collected joints.

1. 5 ORGANISATION OF THE THESIS

This thesis comprises 9 Chapters followed by the bibliography and appendices.
The total number of pages is 300 excluding table of contents, abstract and
acknowledgements.
Chapter 1 contains a general introduction to the present research, background to
the study, and research objectives followed by an introduction to sampling sites and site
geology where geology of the graphite mines of Sri Lanka and the Kangaroo valley rock
slide (New South Wales, Australia) are briefly discussed.
Chapter 2 contains a comprehensive survey of literature on the shear strength of
clean joints under both CNL and CNS conditions, and on joint roughness. This Chapter
starts with a brief introduction to CNL shear strength models developed for rough clean
joints, followed by a detailed analysis of conceptual models developed for CNS
conditions.
Chapter 3 contains a complete review of past research work on the shear
strength analysis of infilled joints under CNL and CNS conditions, which have made a
significant contribution to the development of new strength models, and also to
understanding shearing mechanisms.
Chapter 4 describes in detail laboratory experiments carried out in this research.
This includes an introduction to CNS apparatus followed by quantification joint
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roughness, establishment of infill material properties, sample preparation, and finally, a
summary of all laboratory experiments.
Chapter 5 describes the results of laboratory testing of graphite infilled joints
under CNL conditions and a detailed discussion of test findings. These tests were
conducted over a range of infill thickness and joint types. All the plots associated with
testing are presented in Chapter 5.
Chapter 6 describes the results of laboratory testing of graphite infilled joints
under CNS conditions and detailed discussion of test findings. This research study
focuses primarily on the shear behaviour of infilled joints under CNS condition, this
Chapter provides data base for the development of the new shear strength model
Chapter 7 contains a brief description of triaxial testing of inclined joints with
graphite infill under a range of confining stresses. This Chapter also presents a
comprehensive discussion of test results followed by conclusions explaining
phenomenon experienced during testing.
Chapter 8 describes the conceptual development of a new shear strength model
and a detailed analysis of the proposed new shear strength model which has been tested
for 3 different infill types during this study. Comparisons between various infill types
on the shear behaviour of joints are also explained.
Chapter 9 presents conclusions and recommendations for further research.
Chapter 9 is followed by References and Appendices.
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2. 1 INTRODUCTION

In most rock engineering problems the shear strength of rock joints varies
widely under low affective normal stress levels. This shear strength variation is mostly
affected by surface roughness and joint wall strength. Skempton (1966) stated that
several types of discontinuity can occur in shear zones, such as, displacement shears,
Riedel shears, thrust shears, and tension fractures. Displacement shears are the most
common and follow the direction of general displacement. In contrast, under high
effective normal stress levels the shear strength spectrum of joints is narrow (Brown,
1970; Goodman, 1976; Barton, 1976; Barton and Choubey, 1977). With hard rocks, the
mechanical behaviour of the rock mass is mainly governed by roughness, spacing, the
wall strength of joints, and confining stress. According to Lama (1978), for relatively
closely spaced joints (less than 1 m spacing), the mechanical behaviour of the rock mass
is similar to the joints, but in hard rocks, the shear strength of closed interlocking joints
reaches the strength of intact rock material at relatively low normal stress levels. The
above observations verify that the presence of joints in a rock mass significantly
influences its shear strength and deformation characteristics.
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Conventional direct shear testing has been carried out to investigate joint shear
behaviour where the normal load remains constant throughout. Therefore, this particular
mode of shearing is suitable for situations where the surrounding environment freely
allows the joint to shear without controlling dilation, thereby maintaining normal stress
as a constant during shearing.

In contrast, non-planar joints shearing under confined environments where the
surrounding rock mass inhibits dilation leads to an inevitable increase in normal stress.
Therefore, shearing of rough joints under such circumstances no longer takes place
under constant normal load (CNL), but rather under variable normal load where the
stiffness of the surrounding rock mass governs the shear behaviour. This mode of
shearing is defined as Constant Normal Stiffness (CNS) conditions. CNS behaviour is
commonly observed in mining, tunnelling, and all other underground excavations
including rock socketed piling and rock bolting. In view of the current study, a
comprehensive review of past work on the shear strength of clean and infilled joints
under both CNS and CNL conditions has been carried out. This chapter presents a brief
review of shear behaviour of clean joints under both CNS and CNL conditions.

2. 2 SHEAR STRENGTH OF ROCK JOINTS UNDER CNL CONDITIONS

Most of the research work previously carried out primarily focused on the
quantification of rock joint shear behaviour under CNL conditions, with a lot of work
carried out by leading scientists such as Patton (1966), Ladanyi & Archambault (1970);
Barton (1973, 1976 and 1986); Hoek (1977, 1983 and 1990); Hoek & Brown (1980);
Bandis et al. (1981); Hencher & Richards (1989); Kulatilake (1992); Kulatilake et al.
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(1995); Saeb and Amadei (1992); Brady and Brown (1985, 1993) etc. In all these
studies, the CNL or zero normal stiffness condition was considered.

2.2.1

Development of shear strength models for rough clean joints under CNL
condition
Recent attempts to explain and predict the shear resistance of non-planer rock

joints are apparently based on the observed dilatant behaviour of granular material such
as sand. Newland & Alley (1957) developed the following Equation (2.1) to represent
the above phenomenon:

τ = σ n tan(φb + i )

(2.1)

Patton (1966) and Goldstein et al. (1966) also used Equation (2.1) to represent
the shear strength of irregular rock surfaces and broken rock when tested at low normal
stresses. At high normal stresses, it was assumed that the Coulomb relationship
(Equation 2.2) was more applicable:

τ = c + σ n tan φb

(2.2)

where, τ is the shear stress, σn is the normal stress, c is the cohesion φb and i are the
basic friction and asperity angles respectively.

A simple relationship between the dilation angle and the normalized peak shear stress
has been developed by Barton (1976) which is given below:

τ / σ n = tan(2d n + 30 ο )

(2.3)
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where, the basic friction angle φb is equal to 300 and the dilation angle dn is given by
Equation (2.4):

d n = 10 log10 (σ c / σ n )

(2.4)

by eliminating dn between Equations (2.3) and (2.4) the new Equation, which describes

τ: is given by:




σc 
 + 30 ο 

σn 


τ = σ n tan 20 log10 


(2.5)

where, σc is the uniaxial compression strength of the material.

At low and medium stress levels the Equation (2.5) gives reasonable
approximation to interlocking rough joints. If the joint roughness is smoother, the
logarithmic function of the Equation (2.5) disappears and the shear strength could be
expressed by Equation (2.6). Furthermore, if the unconfined compression strength of
rock is very low or the normal stress is high, the dimensionless ratio σc/σn decreases
towards unity and the resultant shear strength of the joint is given by Equation (2.6):

τ = σ n tan φb

(2.6)

As a result of the above developments related to the quantification of joint shear
strength, JRC-JCS model or also known as Barton-Bandis model started to evolve and
its first form was given by Equation (2.5). In this Equation the roughness coefficient
(JRC) was given by 20, which represent rough tension fractures. This first form of
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Barton-Bandis model was also known as “20-σc” model. Thereafter, combining the
UCS strength of rock and the joint roughness, the present JRC-JCS model was
developed and its generalised formula representing the roughest to smoothest end of the
roughness spectrum is given below by Equation (2.7):




 JCS 
 + φb 

 σn 


τ = σ n tan JRC log10 


(2.7)

where the JRC (roughness coefficient) represents a sliding scale of roughness which
varies from approx 20 to 0, from the roughest to the smoothest end of the spectrum and
JCS is given by unconfined compression strength (σc) of the rock (if the joint is
unweathered) .

In rock engineering problems, it has been observed that the shear strength
envelopes for rough undulating joints are steeply inclined at low effective normal stress
levels. However, in view of the safety requirements it has been suggested that at

τ/σn>700 any possible cohesion intercept should be discounted, and hence, curvi-linear
envelopes can be used when JCS/σn ≥ 100. All these mathematical models consider
shear behaviour of joints under CNL conditions.
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Constitutive models developed to quantify shear behaviour of rough clean
joints

To understand the shear behaviour of rock joints, laboratory testing of single
joints were used as the basis for the formulation of constitutive models for rock joints
and rock masses, and for numerical simulations of practical problems. Testing
conditions simulate individual processes such as mechanical, hydraulic or thermal
process, or coupled thermo-hydro-mechanical processes. In some studies two
constitutive models were used in the conceptual evaluation of rock joints; i.e.

Mechanistical, and
Coupled thermo-hydro-mechanical models.

2.2.2.1 Mechanistically based model

A new model based on the mechanisms of shear failure for predicting the shear
strength of rock joints with irregular surfaces was proposed by Kimura & Esaki (1995).
In this model it was considered that the peak strength of irregular joints was mobilised
when shearing and sliding take place simultaneously at the asperity, having a critical
base length approximated by (σn/σT)L, where L is the total joint length, σn is the normal
stress and σT is the transition normal stress. The validity of the model was checked by
comparing with the results of direct shear tests using plaster joint specimens involving
typical profiles presented by Barton and Choubey (1977). In addition, it was stated that
the model can evaluate the scale affect on shear strength since the critical base length is
related to a total joint length.
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Patton (1966) carried out direct shear tests on plaster specimens including
artificial joint asperities and found that the failure envelope can be approximated by two
straight lines with different slopes. The difference in slopes of the failure was attributed
to frictional resistance along the inclined joint surface and the resistance of shearing
through the intact material. Ladanyi & Archambault (1970) developed a model for shear
strength of rock joints, considering that the two modes of failure occur simultaneously.
Although the concept of their model was excellent, it had been difficult to determine the
parameters used. Barton (1973) proposed an empirical Equation to estimate the shear
strength of rock joints and introduced a parameter called JRC (joint roughness
coefficient). Based on back calculations using the Equation (2.7), Barton & Choubey
(1977) determined the values of JRC for ten different rock joints. The typical profiles
(referred to here as B-C profiles) and the JRC values are adopted in this suggested
method for a quantitative description of discontinuities in rock masses (ISRM, 1978).
One of the major drawbacks with this proposed method was the subjectivity of the
estimation of JRC profiles based on a visual estimation of B-C profiles. Many
researchers investigated other methods to overcome this problem by introducing
statistical parameters (Tse and Cruden, 1979; Reeves, 1985; Yu and Vayassade, 1991),
or fractal dimensions of the B-C profiles and the JRC values. The problem with this
alternative concept has been that the shear strength of a joint depends on the direction of
shearing where the fractal dimensions give no directional information.

Further, it has been noted that natural joints do not reflect simple change in the
failure mode, and joints with regular asperities exhibit brittle failure more than natural
joints (Harberfield and Johnston, 1994). It was also observed that the residual strength
of intact material is equal to that of the joint. During shearing of natural joints at
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medium to high normal stresses, steepest asperity (which is always with shortest base
length) was sheared first followed by the next steepest until both shearing and sliding
take place simultaneously where the peak shear strength is mobilised. This base length
of asperity depends on normal stress and is referred to here as the critical base length.
Although Rengers (1970) stated there was a relationship between the peak strength of a
joint and the base length of asperities, his discussion was confused by reference to
asperity base length and normal stress.

To overcome this inadequately defined relationships, Kimura and Esaki (1995)
proposed a method where the critical base length is related to normal stress. In this
proposed model, the peak friction angle Φp is a function of normal stress and the
residual friction angle Φr is constant over the range of all normal stresses. The two
friction angles equal each other at normal stresses greater than the transitional normal
stress σT. Goodman (1976) states that the transition normal stress is equal to uniaxial
compressive strength σc of intact material. At any given normal stress, friction angle
associated with shearing of asperities is Φp-Φd where Φd is angle of dilation. The state of
stress actually acting on the joint is given by the point where the broken line Φp-Φd
intersects the intact rock failure curve. This is denoted as σn′ . While σn is the apparent
normal stress, σn′ is the true normal stress. The ratio of σn / σn′ is regarded as fractional
contact area ac. The ac is 1 at σn = σT. The critical base length of an asperity dLc which
mobilizes the peak shear strength of the joint with the total length of L could be
expressed as follows:

ac =

σn

(2.8)

σT
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Barton (1985) introduced uniaxial compressive strength instead of the transition normal
stress. So the critical base length at which peak shear strength is mobilised could be
written as:

dLC = a c × L

(2.9)

Kimura and Esaki also described on left and right asperities which would be
subjected to shearing depending on the direction of shearing and finally based on the
different normal stress levels the shear strength was described as:

τ p = σ n tan (φ r + im )

(2.10)

where im is the steepest asperity dependent on normal stress to transition stress. The
above Equation is similar to the Equation presented by Patton (1966) for the frictional
resistance along inclined joint surfaces.

Hyperbolic and logarithmic functions were proposed to quantify the behaviour
of normal stress-normal displacement of rock joints. (Goodman, 1976; Bandis, 1980
and Scholz and Brown,1986 respectively). The functions and resultant normal stiffness
are given as:

(1) Goodman (1976)
 u
σn −ξ
= a m n
ξ
 un − un

t


(σ n − ξ )t
 , kn =

[(1 − u n / u nm )u n ]


(2.11)

where, ξ is the initial normal stress, umn is the maximum closure, and A and t are two
material constants.
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(2) Bandis (1980)

σn =

un
k n0
σn
, kn =
=
m 2
a − bu n
(1 − u n / u nm )u n
(1 − u n / u n )

(2.12)

where, a and b are material constants, k n0 = 1 / a and unm = b / a

(3) Brown and Scholz (1986)

u n = C + B ln(σ n ), k n = σ n / B

(2.13)

where, C and B are material constants determined by the geometry of the roughness
profile.

Peak strength of joint

φd

Shear strength τ MPa

Peak strength of intact material

Residual strength

φp
φr

σn'

σn

σT

Normal stress σ MPa

Figure 2.1 A diagram for explaining the ratio of contact area ( Kimura and Esaki,
1995).
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2.2.2.2 Coupled thermo-hydro-mechanical models

In general, rock joints present three-dimensional problems due to their
orientation in space and their stress states in the rock. One of the three-dimensional
properties of a rock joint is the anisotropy in its strength and deformability during
shearing. Constitutive models for rock joints have also been developed by Goodman
(1976), Sun et al (1985), Barton et al (1985) and Plesha (1987). The shortcomings with
these models were that either the second law of thermodynamics was ignored or some
important aspects of joint behaviour were not considered. As a result, new rock models
were developed to satisfy the third law of thermodynamics, which represents the major
characteristics of rock joints. These models were based on the general interface model
using the theory of plasticity with a slip function F and a sliding potential Q, which act
as yielding function and plastic potential for a plastic solid. The rock joint model was
derived by combining the general model with the following mathematical
representations of the special characteristics of rock joints observed in laboratory
experiments: These models included (i) surface roughness due to microscopic
asperities; (ii) evolution of asperities, i.e. surface damage; (iii) shear-strengthening
before and /or shear weakening after the peak shear stress; (iv) variable normal stiffness,
(v) stress dependency of shear stiffness, and (vi) the anisotropy of roughness and shear
stiffness for the three-dimensional model. In this model, only the isothermal condition
was considered. The general model form was as follows:



k ir (∂Q / ∂σ r )(∂F / ∂σ p )k pj
dσ j = 
 du j
 (∂F / ∂σ r )k rp (∂Q / ∂σ p ) + mσ r (∂Q / ∂σ r ) 
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where, i, j, r, p = x,z, n for 3D model and t, n for 2-D model, kij is the stiffness tensor
and dσj are the increments of stresses and displacements, respectively.

2. 3 SHEAR STRENGTH OF ROCK JOINTS UNDER CNS CONDITIONS

Depending on the situation underground the joints present in rock mass affect its
mechanical behaviour. When dilation of the rock joints during shearing is inhibited or
controlled, an increase in normal stress over the shear plane occurs which substantially
increases the shear resistance. This situation is a characteristic of underground
excavation where potentially unstable rock blocks are constrained between two or more
dilatant rock joint sets (Fig. 2.2). When these blocks slide the normal stress inevitably
increases and dilation becomes significant if the joint surfaces are rough. This increase
in normal stress on the shear plane is equal to kn.δv, where kn is the normal stiffness of
the surrounding rock mass and δv is the dilation. Tests conducted under Constant
Normal Stiffness (CNS) conditions demonstrate a greater shear stress than the Constant
Normal Load (CNL) condition as the dilation restriction by surrounding stiffness causes
an inevitable increase in normal stress and the shear stress to rise (Goodman, 1976). In
other words, under CNS conditions, shear displacement is accompanied by an increase
in forces normal to the plane of shear as a result of the roughness of the joint interfaces
and the stiffness of the surrounding rock mass. The shear strength tests carried out under
constant normal stiffness conditions provide appropriate data when these situations are
encountered in underground environments (Obert et al., 1976; Lam and Johnston, 1982;
Leichnitz, 1985; Benmokrane and Ballivy, 1989).
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Rock socketed piles are a typical example of a situation where the interface
between the concrete and the socket is considered to be rough. When this pile is loaded
vertically the side shear resistance develops as a function of the variable normal stress
associated with the dilation of the rough joint surface. The deformation mechanism and
simplified 2-D models are given in Figures 2.3a -2.3d.

In general, the CNL condition is only realistic for shearing planar interfaces
where normal stress applied to the shear plane remains relatively constant, as and the
problem of surface (shallow) slope stability. However, for examples illustrated in
Figures 2.2 and 2.3, the development of shear resistance is a function of constant normal
stiffness (CNS), and the use of CNL test results leads to underestimated shear strengths.
The following sections in this chapter present a brief description of the available
literature on CNS testing and corresponding shear behaviour.

2.3.1

The role of stiffness on shear behaviour

To evaluate the behaviour of rock joints under conditions more commonly
encountered in underground excavations, it is necessary to simulate the stiffness of the
rock mass normal to the direction of shearing (Leichnitz, 1985). When rock slopes
shake during an earthquake, the direction of shearing, magnitude of normal load, and
the potential sliding surface may vary. Under these conditions the degradation or
shearing of asperities has a significant influence on the peak shear stress. If the
asperities shear after some considerable displacement, peak stress is generally observed
at a larger shear displacement. In general, the shear displacement corresponding to peak
shear stress is greater under low normal stress, as observed by many researchers (e.g.,
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Ohnishi & Dharmaratne, 1990). An increase in normal stiffness has a significant affect
on shear displacement; as stiffness increases, the shear strength also increases and the
peak is attained at larger tangential shear displacement (Van Sint Jan, 1990). Leichnitz
(1985) reported that the shear displacement corresponding to peak shear stress under
CNS is always higher than CNL.

CNS

A

C
CNS

CNL
B

Figure 2.2 Shear behaviour of joints in an underground environment, where both CNS

and CNL conditions could be observed.
Note: Block ABC may move under gravity (Constant Normal Load conditions).
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Pile and socket
dia., D

Socket dia., D+∆
Pile dia., D
δ

Rough wall of
rock socket

τ
Concrete pile

σn

(b) Pile after displacement

(a) Pile before displacement

σ

φ

δ

Concrete
Rock

(c) Equivalent 2-D model
before displacement

(d) Equivalent 2-D model
after displacement

Figure 2.3 Idealised displacement behaviour of a rock socketed pile (after Johnstone &
Lam, 1989).

2.3.2

The role of shear rate on the strength of joints

The rate of shear has been standardised by ISRM for all rock testing
applications. There must be ample time left for the loading to spread through the
specimen tested without preventing stress concentrations based on the loading rate. A
study on rate of shear carried out by Crawford & Curran (1981) shows that the influence
of the affect of shear rate is variable, depending on primarily rock type and the normal
stress level. Usually, shear resistance decreases with an increased shear displacement
rate for harder rock types, and conversely, frictional resistance increases up to a critical
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shear displacement rate for softer rock types, and thereafter remains constant. Curran &
Leong (1983) also showed that the frictional resistance under CNL is dependent on the
shear displacement rate.

2.3.3

Shear strength models under CNS conditions

The shear strength models developed to describe the shear behaviour of clean
joints under CNS conditions could be classified into 4 major groups based on the
conceptual approach used to quantify the shear strength. As described earlier, previous
models based on CNL conditions did not consider any change of normal stress during
shearing which would warrant development of new models, where the changing nature
of normal stress is included. The CNS shear strength models developed in the past are
as follows:
•

Analytical models based on energy balance principal,

•

Analytical models based on shearing mechanisms,

•

Graphical models, and

•

Other mathematical and analytical models

A brief summary of such work is presented in the following sections.

2.3.3.1 Model based on energy balance principles

Johnstone & Lam (1989) developed an analytical approach to explain the shear
resistance of concrete/rock interface under CNS condition. Assuming penetration of
micro-asperities of concrete into the rock surface when contact normal stress exceeds
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the uniaxial compressive strength, they formulated the following Equation for mobilised
cohesion, cm:

cm =


csl
2σ 
cos−1  1 − n 
π
qu 


(2.15)

where, csl = cohesion of rock for asperity sliding, σn = actual contact normal stress and
qu = uniaxial compressive strength.

The Equation representing the additional work done in friction due to dilatancy
(S2) as proposed by Ladanyi & Archambault (1970) was modified to incorporate
mobilised cohesive force. After considering the energy balance principles, the following
expression was established to model average shear stress for sliding:

τ slp = (σ no + ∆σ n )tan(i + φ p sl ) +
ηc sl
4τ slp sin i cos i 
−1 


cos
1
−

ηq u
2π cos 2 i (1 − tan i tan φ p sl )



(2.16)

where, ∆σn = K∆y1, ∆y1 = dilation caused by shear displacement, K = spring stiffness, i
= asperity angle, φpsl = peak friction angle in sliding, η = interlocking factor, csl =
cohesion of the rock for asperity sliding, qu = uniaxial compressive strength.

The average shear stress at shearing to initiate a plane of weakness through asperities
was given by:

τ shp = (σ no + ∆σ n ) tan(θ1 + φ shp ) +

c sh tan (i )η
(2.17)
cos θ1 (tan i + tan θ1 )(1 − tan θ1 tan φ shp )
2

where, τ psh = average shear stress, θ1 = inclination of shear plane, φpsh = peak friction
angle in shear, σno = normal stress at initial condition, ∆σn = change in normal stress
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due to dilation, csh = cohesion for shearing, i = initial asperity angle, and η =
interlocking factor.

Once the shear plane is developed and displacement continues along the shear
plane, the second term which adds cohesion to the above Equation was considered to be
zero. Johnston & Lam (1989) also extended the average shear strength expression for
subsequent development of shear planes at different inclinations.

The above analytical Equations were solved numerically for a given value of
joint geometry parameters (i, B, L), where i = initial asperity angle, B = width of
specimen, L = length of specimen, and boundary conditions (σno, K), where σno = initial
normal stress, K = normal stiffness. The method also needs the values of joint strength
(qu), shearing and sliding peak and residual friction angles (φpsh, φpsl, φrsh, φrsl) and
cohesions (csh, csl).

Seidel & Haberfield (1995) extended the energy balance theory proposed by
Ladanyi & Archambault (1970) to explain the shear behaviour of more complex joints
such as (a) joints having varying asperity angles, and (b) joints which degrade during
shearing. The energy balance principle was verified for simple triangular asperities
which deform elastically. Consequently, it was found that the Ladanyi & Archambault
(1970) formulation based on joint dilation rate was incorrect for rock joints where high
asperity contact stresses may result in significant local elastic deformations. However,
joints experiencing plastic deformation cannot be modelled by elastic theory, hence
Ladanyi & Archambault’s (1970) approach needed modification. Seidel & Haberfield
(1995) proposed that if a joint dilates at an angle (i1) less than the initial asperity angle
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(io) ie. i1 < io, then the following Equations based on the energy approach (Fig. 2.4)
should be considered:

S1 =

N (dy − dp) Ndp
+
= N tan i
dx
dx

(2.18)

S2 = S i1 tan φu

(2.19)

S3 = N tan φu

(2.20)

where, S1= component of external work done in dilating a joint against the normal
force N, S2 = component due to additional internal work in friction due to dilatancy,
S3 = component due to internal friction if the sample did not change in volume during
shear, S = total shear force, dy = increments of dilation, dp = plastic deformation, N =
applied normal force, Ndp= additional work required to increase the internal strain
energy of the asperities, dx = shear displacement, and i = initial asperity angle, i1 =
dilation rate, and φu = basic friction angle.
Combining all these three components of ‘work done’, the following expression
was derived to relate shear stress (τ) to normal stress (σn):

τ=

σ n (tan i + tan φ u )
1 − tan i1 tan φ u

(2.21)

where, φu = basic friction angle, i = initial asperity angle, and i1 = dilation angle.
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N
dp

S

dy
i

i1

dx
Figure 2.4 Deformation due to inelasticity (Seidel & Haberfield, 1995).

The validity of the above shear strength Equation was verified (Seidel &
Haberfield, 1995) by conducting CNS shear tests on calcarenite/concrete interfaces
containing triangular asperities of angles varying from 5o to 27.5o, under an initial
normal stress of 300 kPa. Test results revealed that the proposed model can predict the
experimental shear strength results very closely. In contrast, the model proposed by
Patton (1966) produced a certain overestimation of shear strength, whereas the model
proposed by Ladanyi & Archambault (1970) produced an underestimation of shear
strength.

2.3.3.2 Analytical methods based on shearing mechanisms

Mechanism of shearing was taken as the basis for the modelling of joint shear
behaviour under CNS conditions by Haberfield & Johnston (1994). They basically
adopted the shear strength model described by Johnston & Lam (1989) as the basis for
their proposed model. In this model, the normal force acting on all the intact as well as
sheared asperities has been calculated. Consequently, based on the total stress acting,
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the shear strength of the joint was calculated. The distribution of normal force on an
individual asperity was determined by the following Equation:
N j = n rj cos i j − s j sin i j

(2.22)

where, Nj = estimated normal force on asperity j, nrj = rebound normal force for asperity
j, sj = shear resistance on asperity j, ij = asperity angle.
The value of sj was determined as follows:
sj =

c jL j
cos i j

+ n rj tan φ j

(2.23)

where, cj and φj are the cohesion and friction angle for sliding on asperity j.

Considering the relative magnitude of deformations from one asperity to
−

another, the normal force, N j , carried by the jth asperity was calculated from the
following averaging process:
−

Nj =

Nj

∑N

(2.24)

N
j

where, N = actual total applied normal force on the joint, ∑Nj = sum of normal forces
on all asperities

If any asperity undergoes shearing, then the normal force carried by the asperity will be
different from the above and was calculated by:
−s

Nj =

Lj
∑ Lj

(2.25)

N

−s

where, N j is the normal force carried by the jth sheared asperity.
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For intact asperities normal force distribution was considered as follows:

−

Nj =

− s
Nj 
 N − ∑ N j
∑Nj 


(2.26)

−s

where, ∑ N j = total normal force carried by the sheared asperities.

2.3.3.3 Graphical model

Saeb (1989) and Saeb and Amadei (1989, 1990) proposed a graphical method
with the aid of CNL response curves to determine shear behaviour of joints under any
boundary conditions. This method was based on the response curves shown in Figure
2.5. The following remarks can be made with regard to the proposed method:

•

the curve u = u0 represents the joint under mated condition is identical to the
joint closure vs normal stress (Fig 2.5a).

•

u = ui represents behaviour of the joint under normal loading after being

mismatched by a shear displacement equal to u = u i (Fig. 2.5b).

•

there is no further dilatancy for values of u larger than u4 (Fig 2.5c). The
joint response is admissible if it is contained in the domain limited by the
curves u = u0 and u = u4 .

•

All curves u = ui (i = 1, 4) become closer to the curve u = u0 as σn
increases. Since then, the joint dilatancy decreases as the joint normal stress
increases.
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•

Fig. 2.5d shows the normal stress paths constructed using Figs. 2.5a- 2.5c.

These paths originate from point A assuming that a normal stress σno = 4A was
first applied without any shearing. Under constant applied normal stiffness K, the joint
follows path AFGHI. It follows path ABCDE under constant normal stress (K = 0) and
path AJKLM when no change in joint normal displacement is allowed (K = ∞). Finally,
path ANPQR corresponds to a joint in a rock mass with an increasing applied normal
stiffness. By recording the values of σn and u at the points of intersection of each path
with the curves u = u i (i = 1, 4) in Fig. 2.6, and using Fig. 2.5b-c, the shear stress vs
shear displacement curves for σno = 4A can be constructed for all four paths.

Both mathematical (described in the following section) and graphical forms of
the model greatly emphasise the coupling between the normal load deformation
behaviour of a dilatant joint and its shear load-deformation, and dilatant behaviour. To
use the proposed model, it is only necessary to know normal stress-displacement and
normal displacement-shear response curves under constant normal stress boundary
conditions. These can be obtained using conventional direct shear equipment. The
graphical method can be used to successfully predict CNS shear behaviour of rock
joints using conventional CNL data.
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Figure 2.5 Joint response curves for normal stresses σn ranging between 0 and 20A
(Saeb and Amadei, 1992).
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Figure 2.6 Normal stress vs normal displacement curves at different shear displacement
levels (Saeb & Amadei, 1990 and 1992).

2.3.3.4 Mathematical and analytical models

The model presented by Saeb and Amadei (1992), presented in graphical and
mathematical forms considers the affect of boundary conditions on the shear behaviour
of a dilatant rock joint. This model relates normal load-deformation response of a joint
to its shear load–deformation and dilatant behaviour. The proposed model predicts the
increase in normal deformability of an initially mated joint as it traverses a range of
unmated conditions and provides a tangent formulation for the deformability of a rock
joint that fully accounts for the coupling between joint normal and shear response due to
dilatancy.

In this model, the range of joint normal loading conditions can best be
represented by assuming that the deformability of the surrounding rock mass or the
reinforcement system is modelled by a spring with normal stiffness K=dσn/dv, where
dσn and dv are the changes in joint normal stress and displacement, respectively. The
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applied stiffness K varies between zero for a joint with constant normal stress, and
infinity, if no change in joint normal deformation is allowed. The applied stiffness is
constant if the change in joint normal stress remains proportional to the change in
normal displacement. The coefficient K is the applied stiffness, a property of the
surrounding rock mass or any applied reinforcement system, and should not be confused
with joint normal stiffness. This aspect of normal stiffness has not been considered
before and is not included in existing constitutive models of rock joints.

The proposed mathematical model can predict the shear response of a dilatant
rock joint under a variety of boundary conditions from the results of normal
compression tests and shear tests conducted under constant normal stress. It also models
any increase in normal deformability of an initially mated joint as it traverses a range of
unmated conditions during shearing. Finally, it provides a material tangent stiffness
matrix that fully accounts for the coupling between joint normal and shear responses
due to dilatancy.

Rock joints tend to close under compressive normal loading with a non-linear
load-displacement response that is similar to classical contact theory. Fig. 2.5a shows a
typical normal stress σn vs normal displacement curve ν for a rock joint subject to
increasing normal stress. The curve is essentially hyperbolic and becomes asymptotic to
a vertical line v = -vm corresponding to maximum joint closure. Bandis et al. (1983)
proposed a hyperbolic model to describe the normal load-displacement behaviour of a
rock joint:

σn =

ν .kni.Vm
Vm + ν

(2.27)
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ν =

σn.Vm

(2.28)

kni.Vm − σn

In the above, kni is the initial normal stiffness of the joint. At any normal stress level
tangent normal stiffness knn is given by the following Equation:

knn =

δσn
 kniVm − σn 
= kni

δν
 kniVm 

(2.29)

σn vs ν curve starts at the origin with kni and the σn → ∞ as ν → Vm

Experimental results (Goodman, 1976 and Bandis et al., 1983) have shown that
the normal load-deformation of a joint under mated and unmated (mismatched or
dislocated) conditions are different. In general, an unmated joint is more deformable
than a mated joint and the maximum closure is larger for the unmated case. Bandis et al.
(1983) found that the hyperbolic model could only describe the normal deformability of
mated rock joints and recommended using a logarithmic relation for unmated joints.

In the models proposed by Goodman, shear stress (τ) vs displacement (u) under
various constant normal stresses (σn) were studied. On one such model, shear stiffness
(ks) and the slope of the post peak region were assumed to be independent of the normal
stress and in the other model peak (up) and residual (ur) shear displacements were kept
constant. For both models the following relationships apply:

τ = ks.u

with

ks =

τp
up

for u < up
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 τp − τr   τr.up − τpur 
u + 

 up − ur   up − ur 

τ =

for up ≤ u ≤ ur

τ = τr for u > ur

(2.31)

(2.32)

As shearing takes place, the joint contracts first and dilates with a maximum rate
of dilation at the peak shear strength. The actual response curves of Fig. 2.7a are
idealized in Fig. 2.7b. In these figures, the slope of the pre-peak region is defined as the
unit shear stiffness ks and (τp, up) and (τr, u r) are the shear stress and displacement for the
peak and residual conditions, respectively. In general the values of the shear stiffness,
and peak and residual shear strengths vary with normal stress.

The variation of peak shear strength with normal stress has been modelled by
many authors such as Patton (1966), Ladanyi and Archambault (1970), Jaeger (1971)
and Barton (1976). Saeb (1989, 1990) revised the Ladyani and Archambault (1970)
failure criterion as follows:

τ p = σ n tan (φu + i )(1 − a s ) + a s s r

(2.33)

In the above, as is the proportion of the total joint area and 1- as is the proportion
on which the sliding occurs. φu is the angle of friction for sliding along the asperities. s r
represents the shear strength of the asperities which is also equal to the intact rock
strength. This also can be approximated by the Mohr-Coulomb criterion or Fairhurst’s
parabolic criterion (1964), as suggested by Ladanyi and Archambault (1970). Finally, i=

arctan(ύ) where ύ represents the secant rate of dilatancy at the peak shear stress.
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According to Ladanyi and Archambault (1970), a s and v are normal stress dependent
with:

σn
as = 1 − 1 −
 σT





k1

(2.34)

k2

 σn 
ν = 1 −  tan i0
 σT 
'

(2.35)

Equations (2.34) and (2.35) are empirical relations where k1 and k2 have
suggested values of 1.5 and 4, respectively, and σT is a transitional stress. a s increases
from 0 to t, and σn = 0 to 1 at σn = σT, whereas ύ decreases from tan i0 when σn = 0 to
1 at σn = σT. For σn ≥ σT, shearing through the joint asperities is the dominant
mechanism of shear (as=1) and no dilatancy is possible (ύ =0). Goodman also
suggested that UCS of intact rock could be used to estimate σT.

Goodman (1976) proposed the following model for the variation of the residual shear
strength with the normal stress:




τr = τp B 0 +

1 − B0

σT




σn  ⋅ when ⋅ σn < σT

(2.36)

when → σn ≥ σ T
τr =τ p

(2.37)

Finally, considering Goodman and St John (1977) model for dilatancy (Fig. 2.7b) δυ/δu
can be related to σn as follows:
k2

δυ
 σn 
= tan i = 1 −  tan i0
δu
 σT 
δυ
= 0 when u > u r
δu

when u ≤ u r and σ n < σ T (2.38)

or σ n ≥ σ T
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Figure 2.7(a) Typical results of direct shear tests on a tension fracture (Barton (1976),
(b) & (c) Idealized shear stress vs shear displacement and dilatancy curves (Saeb and
Amadei, 1992).
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Rock joints may be sheared under conditions of constant normal stress (free
dilation) or constant normal stiffness (restricted dilation). The method proposed by
Skinas et al. (1990) utilizes the “mobilised dilation” routine of the JRC-JCS model.
Comparisons between behaviour predicted by the model and currently available
experimental results show a close agreement.

The dilation of non-planar joints undergoing shearing contributes to shear
strength, and dilation inversely dependent on the normal stress. If the surrounding rock
is deformable, shearing will follow the path of constant normal stress and if the
deformability is low it will inhibit dilation. This dilation stiffness interaction is
primarily responsible for the self-stabilisation potential of rock masses.

Realistic constitutive modelling of complete joint behaviour analyses has been
carried out by Byerlee and Brace’s (1968) through discontinuum analyses. Other similar
work includes a fundamental analytical approach taken by Heuze (1979), while
Leichnitz (1985), and Benmokrane and Ballivy (1989), presented their results from
constant stiffness shear tests on (artificial) extension rock fractures.

An extension of the discontinuum analyses was described by Saeb and Amadei
(1989) who introduced variable stiffness conditions. Johnston et. al. (1987) and Ooi &
Carter (1987) considered the affect of lateral stiffness in the design of rock socketed
piles, while the study by Skinas et al., (1990) includes results of CNS tests and a method
for modelling stiffness-dependent behaviour based on the JRC-JCS model.
Direct shear at CNS conditions was carried out on samples made of sandbayrites-cement (UCS=25-30 MPa, Young’s modulus = 3.0-3.5 GPa, Poissons ratio =
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0.22-0.25, angle of basic friction φb =370). Four types of joints with JRC values 9, 12,
15, 18 were tested at a range of σn (0.3 to 5.0 MPa) and CNS (k=2.0-200 kN/mm). The
results showed the effect of k on peak shear strength and its behaviour where it was
transformed from brittle to plastic as well as the effect of σn on τ -u relationship.

The increase of σn resulted in the vertical upward shifting of τ and also the same
effect was observed with increasing k. When k became 200KN/m, the associated
increase of σ n was almost 6-fold. As would be expected, the more dilatant joints (higher
JRC) caused correspondingly larger increases in σ n.

At the onset of each step of shear displacement (du), a non-planar joint will
possess a potential for dilation, which corresponds to an amount of normal displacement
(dv). The rate of change of dv with du during a shearing event is described by the
dilation a angle dn = arc tan (dv/du). For a given constant normal stress, dn will also
vary with shear displacement. Thus modelling of the complete joint requires a devise to
predict dn under changing σn and u. An approach is illustrated in Fig. 2.8.

Point ‘P’ on the dilation which corresponds to σni and it is sheared to ui+1, if the
normal displacement vi+1 is dependent on δσ. Then the new σn+1 will correspond to vi+1
and to point ‘Q’ corresponding to dilation curve σn+1. The point 2 can be defined by the
following:

vi + 1 = v' i + (ui + 1 − ui ) tan dni + 1

(2.40)

σni + 1 = σni + K (vi + 1 − vi )

(2.41)

49

Chapter 2

CNL and CNS shear behaviour of unfilled joints

v

σni

σni+1

1/K
v

Q

i+1

v

i

d

P

d

v'
i

σn

σni+1 σni

ni

u

ni+1

i

u

i+1

u

Figure 2.8 Calculation procedure for modelling dilation behaviour under CNS (after
Skinas et al., 1990).
If νi+1and σni+1 satisfy the following conditions given in Equations (2.42) and
(2.43), linear iterative procedure can be applied for the calculation of point ‘Q’. A
convenient calculation procedure can be established by adopting the “mobilized
dilation” concept of the JRC-JCS model as shown by Equations (2.44) and (2.45)
(Barton et. al, 1985):
1
 JCS 
vi + 1 = v' i + (ui + 1 − ui ) tan  JRCmui +1 + log

 σni + 1 
M

(2.42)

where, A is the joint total area and K is a value corresponding to linear or non-linear
rock mass behaviour.

σ ni +1 = σ ni + K (vi +1 − vi )

(2.43)

∆v = ∆u tan d n (mob )

(2.44)

where the mobilized dilation angle dn (mob) is given by:
dn ( mob ) =

1
 JCS 
JRC (mob) log

M
 σn 
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M –damage coefficient, JRC – mobilized joint roughness coefficient, JCS – joint wall
compression
Accordingly, the normal stress increment (∆σ) due to K, at the shear state ui+1 can be
calculated from:
∆σ =

K .Vi + 1
A

(2.46)

where, A is the joint total area and K is a value corresponding to linear or non-linear
rock mass behaviour.
Once σni+1 is known, the mobilized shear strength τi+1 can be calculated from Barton’s
shear strength criterion:



 JCS 
 + φ r 
 σ ni +1 


τ mob = σ ni +1 tan  JRC mui +1 + log


(2.47)

For a given stiffness condition, the amount of relative strengthening depends on
joint characteristics (roughness, wall strength, etc.), initial normal stress, and shear
displacement similar to the peak shear displacement of joints under constant normal
stress. All these fundamental features can be modelled by simulating the normal
displacement path under stiffness restricted dilation. A method is proposed which uses
the “mobilised dilation” routine of the JRC-JCS model, but the relationship between
scale effects in shear strength and rock mass stiffness should also be addressed.

Another analytical study on the shear behaviour of rock joints under CNS was
carried out in the JRC-JCS model by Ohinishi & Dharmaratna (1990) who selected
joints with three types of different roughness (JRC = 8, 10 and 12). Negative
impressions of joints were obtained from each pair of blocks separately producing
perfectly mated joints from cement mortar. (cement: sand: water, 1.5,3.1,1). The shear
box used in the test could accommodate 50mm diameter rock cores with joint surface
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normal to the core axis, or 100mm diameter to the core axis. To enable the top half of
the specimen to slide freely, normal load is applied through a roller bearing. Normal and
shear forces were measured by electrical load cells while normal and shear
displacements were measured by electrical transducers.

Direct shear testing of joints under constant normal stiffness show a gradual
increase of shear and normal stresses subsequent to considerable shear displacement. At
high initial normal stress, suppression of dilation occurs where normal stress does not
vary much, but normal displacement is higher for constant normal stress conditions than
for constant normal stiffness conditions.

Shear stress increases with normal stress and follows the shear strength
envelope. Under constant normal stiffness conditions, it became clear that maximum
shear stress depends on the normal stress at which the test was initiated. Peak shear
displacement in tests under constant normal stress occurs at an early stage of shearing
and does not change significantly with any increase in normal stress. Peak shear
displacement was less than 1% of the length of the specimen (Barton, 1977) within the
range of normal stresses concerned, but shear tests under constant normal stiffness
conditions yield considerably higher peak shear displacements. Shear strength under
constant normal stiffness conditions increases, which in turn increases normal stress
(Fig. 2.9).

52

Chapter 2

CNL and CNS shear behaviour of unfilled joints

Figure 2.9 Shear stress and Normal stress vs Shear displacement under constant
normal stress and CNS for JRC 8,10 and 12 (Ohinishi & Dharmaratna, 1990).
At higher normal stresses, the shear displacement curves under constant normal
stress and constant normal stiffness conditions become qualitatively similar, with
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identical peak shear displacements. Investigation revealed that constant normal stiffness
conditions yield considerably high shear strengths for rough rock joints as compared
with constant normal stress conditions. This represents rock mass in underground
situations.

A model consisting of three parameters was introduced by Heuze & Barbour
(1982) to predict the joint shear behaviour. In this model, the peak shear stress (τp) was
determined by:

τ p = Aσ + Bσ 2 + Cσ 3

(2.48)

where, A = tan φ p , B = 3C p σ c2 − 2(tan φ p − tan φ r ) σ c and
C = − 2C p σ c3 + tan φ p − tan φ r σ c2

dτ
= tan(φ r + δ )
dσ

(2.49)

where, δ = tan −1 ( A + 2 Bσ + 3Cσ 2 ) − φ r
The peak shear strength at σ > σc could be expressed as below (σc = uniaxial
compressive strength):

τ p = C p + σ tan φ r

(2.50)

The shear strength at post peak residual range as given below:

τ r = σ tan φ r

(2.51)

However, the changing normal stress under constant normal stiffness needs to be
estimated for dilatant joints before predicting the shear strength of the joint. Heuze &
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Barbour (1982) presented a method to predict the increment of normal stress based on
the conceptual model described in Figure 2.10:

∆σ = tan δ

KN. KNEFF
∆u
KN + KNEFF

(2.52)

where, KNEFF = stiffness of the adjacent structure
KN = normal stiffness of the joint itself

∆u = shear displacement along joint
∆v = normal joint displacement

Figure 2.10 Conceptual model of a dilatant joint undergoing shear (Heuze & Barbour,
1982).
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2. 4 JOINT ROUGHNESS

2.4.1

Introduction to joint roughness

Joint roughness greatly influences joint shear strength, for instance rough joints
have higher strength than smoother joints. Patton (1966) and Goldstein (1966) used the
Newland & Alley (1957) developed equation to represent the shear strength of rock
joints at low normal stress, including the asperity angle. Barton (1973) proposed a shear
strength criterion which included “Joint Roughness Coefficient” (JRC). JRC represents
a sliding scale of roughness from approximately 20 to 0 (from the roughest to the
smoothest end of the spectrum) which was adopted by the International Society for
Rock Mechanics as standard profiles for estimating joint roughness (Fig. 2.11). The
early empirical models developed on the shear strength of discontinuous rocks
incorporated the findings made in the above mentioned research work by paying more
emphasis to the role played by joint asperity angle. As the role of roughness on joint
shear strength was increasingly recognised, many researchers developed various
mathematical and statistical methods to quantify the roughness of rock joints.

Among these were: Z2 parameter which express the Root Mean Square (RMS)
value of the first derivative of the surface profile; Z3, the RMS of the second derivative
(Dight and Chiu, 1981); structure function (SF) (Maerz et. al, 1990); centreline average
value, root mean square value (Wu and Ali, 1978); and the roughness profile index (Rp)
(Reeves, 1990).
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Figure 2.11 Joint roughness profiles and corresponding JRC values (Barton and
Choubey, 1977).

Z2 was considered the most widely accepted statistical parameter suitable for
quantifying joint roughness out of the all the concepts mentioned above. McWilliams et
al. (1993) found Z2 was closely correlated to a sliding roughness scale such as the JRC
scale and Tse and Cruden (1979) discovered an acceptable correlation between Z2 and
the JRC scale. While many researchers have found correlations between Z2 and the JRC,
the International Society for Rock Mechanics sees no reason to adopt the Z2 or any other
geo-statistical measure over the JRC concept.

In addition to the methods described above, fractal geometry also has been used
to quantify the roughness of natural rock joints. This is not a new idea, however, Hsuing
(1993) undertook a study to correlate the JRC value as calculated from shear tests with
any fractal parameters. In his study, self-similar methods used to calculate the fractal
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dimensions were considered inappropriate for self-affine rock joint profiles, and the
intercept of the fractal power law plot was ignored. Yang and Lo (1997) proposed Hurst
Index (H), which was direction dependent and based on the theory of one–variable
fractional Brownian motion. The “Power Spectral Density (PSD)” has been proposed by
Durham & Broner (1995) to quantify surface roughness. In this method PSD was
calculated for each x-z profile and then averaged to produce a single estimate for the
entire surface.

The Fourier transform method has also been used to characterise surface
roughness, especially in Tribology, where it was used to quantify the roughness of metal
surfaces. In rock mechanics this method was successfully used by Indraratna et al.
(1999, 2003) to estimate rock joint roughness.

2.4.2 Estimation of JRC using Z2

A statistical method proposed by Tse and Cruden (1979), introduced the Z2
parameter which expresses the Root Mean Square (RMS) value of the first derivative of
the surface profile. Using this method a typical JRC value for a given surface profile
was calculated using the Equation (2.53) given below:

JRC = 32.2 + 32.47 log10 Z 2

(2.53)

where, Z2 is given as:
 ∆y  1
Z 2 = RMS   =
 ∆x  L

x=L

 dy 
∫x=0  dx 
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In discrete form it could be expressed as:
 1
Z2 = 
2
 m(∆x )


( yi +1 − yi )
∑
i =1

m

1/ 2

(2.55)

In these equations, L is the total joint length, ∆x is the sampling interval, ∆y=yi+1
-yi is the difference between two adjacent sampling points; thus the ∆y/∆x is the asperity
slope and m is the number of sampling intervals. However it was found that Z2 was
sensitive to sampling intervals (Yu and Vasayade, 1991). JRC estimation cannot be
done without taking into account sampling intervals. A relationship between the JRC
and the structure function (SF) was also proposed by Tse and Cruden (1979) as given
below in Equation (2.56):

JRC = 37.28 + 16.5847 log10 SF

(2.56)

where, SF≅(Z2)2
It is clear that both Equations (2.53) and (2.56) are not independent functions,
instead dependent on the sampling interval.

Yang and Di (2001) digitised standard JRC profiles (Fig. 2.11) using Fourier
transformation, back calculated Fourier coefficients, and re-constructed JRC profiles
and found they were very similar to the original profiles. These reconstructed JRC
profiles were used to re-calculate Z2 using Equation (2.55), new Z2 values were replotted with the corresponding JRC values to obtain a linear regression formula (with
higher correlation coefficient R=0.99326) as given below:

JRC = 32.69 + 32.98 log10 Z 2
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All the JRC values calculated using Equation (2.57) were larger than TseCruden’s formula but very close to each another. This disparity also exists between JRC
and SF as shown in Fig 2.12 and a regression Equation (2.58) with a higher correlation
coefficient (R=0.99323) was developed by Yang et al. (2001) as given below:
JRC = 37.63 + 16.5 log10 SF

(2.58)

Figure 2.12 Plots of JRC values with SF; (a) Correlation between the original JRC and
new SF, (b) Comparison of calculated JRC using different formulae (Yang et al., 2001).

The Z2 concept has introduced an objective and quantitative approach to determine the
JRC. The Tse-Cruden Equation had a fundamental mistake due to an elongation of JRC
profiles which ignored the self-affinity transformation law, but the asperity slope (SF)
was unchanged. However Yang and Di (2001) obtained equations with a higher
correlation coefficient by using original JRC profiles. Whenever scaling down or up
was done for original joint profiles in the determination of JRC, in order to obtain a
higher correlation coefficient it is necessary to comply with self-affinity transformation
law.
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Characterization of JRC using JRC-JCS concept and tilt testing

Chryssanthakis and Barton (1991) proposed a method involving JRC standard
profiles and tilt testing in an attempt to define JRC quantitatively. Representative joint
samples 1m long consisting of the upper and lower parts of the joint were specially
made and subjected to tilt tests in both directions. In this test the lower part of the joint
was prepared and kept on the tilt table, while the upper part of the joint was arranged to
slide on the lower part of the joint specimen. Tilt angle, which is more representative of
the JRC profile, was obtained by chipping steep asperity steps on which the whole
upper part was assumed to be hanging at very steep tilt angles. This telt was then
repeated. Schmidt hammer tests were used to determine JCS values of the joint surface
while JRCn was calculated using the Equation (2.59):

JRC n =

α 0 − φr
 JCS n
log10 
 σ no

(2.59)





where α0 is the tilt angle; φr is the residual friction angle; JCSn is the joint compressive
strength (from Schmidt hammer tests in MPa) scaled for joint lengths > 100mm.
According to Barton et al. (1985); σno is the normal stress on the joint at tilt failure (in
MPa).
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The residual friction angle φr is given by Equation (2.60) given below:

φ r = (φb − 20) + 20(r R )

(2.60)

where, φb is the basic friction angle; R and r are Schmidt hammer rebound hardness on
dry and wet unweathered joint surfaces respectively.

The value of JCSn was estimated using the Equation (2.61) as given below:

L
JCS n = JCS 0  n
 L0





−0.03 JRC0

(2.61)

where, JRC0 was roughly estimated by visual comparison of standard JRC0 roughness
profiles and 10 cm (Ln) long segments of the 1 m (L0) long joint profile and JCS0 was
obtained from Schmidt hammer tests on the joint surface in MPa.

It was found that successive tilt testing gave a reducing JRC value due to the
degradation of steep asperities. This could be used to estimate shear strength following
shearing to a given displacement under a specific normal load.

2.4.4

Joint roughness estimation using variogram method

Natural rock joint profiles are self-affine, and not self-similar. It is considered
that the divider (Mandelbort, 1967) and the box counting (Feder, 1988) methods are
suitable for self-similar profiles and the variogram (Orey, 1970), spectral (Berry and
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Lewis, 1980), roughness-length (Malinverno, 1990) and line-scaling (Matsushita &
Ouchi, 1989) methods are suitable for self-affine profiles.

The fractional Brownian functions (Saupe, 1988 and Voss, 1988) are classic
examples of self-affine profiles. In a study conducted by Kulatilake and Um (1999) the
random midpoint displacement method was used to generate fractional Brownian
profiles which are similar to the roughness profiles of natural rock joints . If Z(x) is a
Gaussian process with stationary increments and the mean=0, the variogram function is
given by:

[

2γ ( x, h ) = E (Z ( x + h ) − Z ( x ))

2

]

(2.62)

The following power law equation holds true for the self affine profiles:

2γ ( x, h )h→0 = K v h 2(2− D )

(2.63)

where, h is the lag distance along the x-axis, k is the proportionality constant. The
applicability of the power law for roughness profiles can be evaluated by checking the
linearity of the plot between log(variogram)h→0 and log(h).

Equation (2.63) shows that roughness is not only related to D, but also to Kv.
When h=1 unit, 2γ(x,h)=Kv. Unit h can be changed from mm to km depending on the
scale of the roughness profile. Therefore, the value of Kv, can change depending on the
unit chosen to represent h. This means Kv has the potential to capture the scale effect of
roughness. If x is the horizontal distance along a roughness profile and Z(x) be the
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height of the roughness profile from datum. The variogram for the roughness profile is
discretized as follows in Equation (2.64):

1
2γ ( x, h ) =
M

2

M

∑ [Z (x ) − Z (x
i =1

i

i

+ h )]

(2.64)

where, M is the total number of pairs of roughness heights of the profile that are spaced
at a lag distance h.

In order to characterise natural rock joint profiles, the minimum or the starting suitable
h and the d values are given by:

hd = 1.76

(2.65)

The results show that the estimated Kv (fractal parameter) increases with both D
(fractal dimension) and σ (input standard deviation) for a fixed d (data density) value;
effect of σ on Kv increases with increasing D. Multiple regression analysis has produced
the following Equation (2.66) to define Kv:

K v = 2.0 × 10 −5 d 0.35σ 1.95 D 14.5

(2.66)

It was found by Kulatilake and Um (1999), that profiles with low D and σ were
very close to natural rock joint profiles. Therefore by removing non-stationarity of the
profiles, variogram method can be used to characterise natural rock joint profiles. The
minimum suitable h increases with d, therefore it is necessary to select a unit length
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where d>1. The calculated h values can be used to accurately estimate D and Kv for a
given natural rock joint profile. The fractal parameters D and Kv with the variogram
method can be used to quantify the stationary roughness of the natural rock joint
profiles.

2.4.5

Fractal characterization of natural rock joint profiles

Fractal geometry introduced by Mandelbort (1967) has been used by Aviles et
al., (1987) and Okubo and Aki (1987) to characterise the San Andreas fault in an
attempt to introduce an alternative method. Fractal geometry allows more complex
description of irregular forms than Euclidean shapes.

The fractal dimension (D) of an irregular surface is given by Equation (2.67):

L(r ) = r 1− D

(2.67)

where, L(r) is the length of an irregular surface and r is the divider length.

The fractal dimension can also be calculated from the slope of a log-log plot of
power vs frequency (f). The power of a stochastic process, V(t), is loosely thought of as
the variance of the process apportioned among a set of frequency bands proportional to
the area under spectral curve between limiting frequencies (Davis, 1986). Averaging an
ensemble of periodograms will yield the power spectral density function (Sv(f)) which is
linked to the variance of increments and the autocorrelation function. Power spectral
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density is also related to the two point autocorrelation function (Gv(r)) by the WienerKhintchine relation as given below Equation (2.68):
∞

Gv (r ) = ∫ S v (cos(2π f r ))df

(2.68)

0

In general fractional Brownian motion (fBm) follows a 1/fβ power law
relationship where β is the slope of the log-log plot of power vs frequency. The fractal
dimension is then calculated as shown by Equation (2.69):

D = 2 .5 − β 2

(2.69)

Fractal dimensions calculated for natural rock joint profiles were mechanical
estimates of their scaling properties because they do not demonstrate any self-similarity
(Huang et al., 1991). Spectrally synthesised joint profiles of known dimensions
generated by fractal interpolation provide a reasonable comparison with natural joint
profiles. From the research done on the application of quantitative methods to
characterise joint roughness, we know that Fractal dimension can successfully be used
as an alternative method to characterise joint roughness.
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2. 5 CONCLUSIONS AND THE RELEVANCE OF CNS STUDY OF CLEAN
JOINTS TO CURRENT STUDY

This research is undertaken to further investigate rock joint shear behaviour
under confined environments such as underground excavations, namely, mining and
tunnelling, etc. The CNS conditions closely represent these environments, as is
discussed in this chapter. Most of the earlier studies were carried out using rock
modelling material such as concrete, gypsum plaster etc. These tests were done under
varying scenarios representing numerous realistic conditions, such as variable normal
stress, stiffness, joint properties, rate of shearing etc. The importance of considering
stiffness and joint roughness on joint shear behaviour was well emphasised in these
studies (Barton, 1973; Obert et al., 1976; Johnston & Lam, 1989; Benmokrane &
Ballivy, 1989; Archambault et al., 1990; Ohinishi & Dharmaratne, 1990; Siedel &
Haberfield, 1995,).

It became clear from the literature reviewed above that analytical methods based
on energy balance principles (Ladanyi & Archambault, 1970; Johnston & Lam, 1989;
Seidel & Haberfield, 1995) and methods based on shearing modes will realistically
quantify shear behaviour. Chapter three investigates the research work carried out on
the shear behaviour of infilled joints under CNL and CNS conditions and pertinency of
energy balance principle and shearing modes in evaluating their shear strength.
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CHAPTER 3

3

SHEAR BEHAVIOUR OF INFILLED ROCK JOINTS UNDER
CONSTANT

NORMAL

LOAD

(CNL)

AND

CONSTANT

NORMAL STIFFNESS (CNS) CONDITIONS

3. 1 INTRODUCTION

Rock mass shear strength is governed by the engineering properties of rock
mass, which is dependent on fractures or joints, strength of unit blocks, and the
character of discontinuities (Goodman, 1976; Ladanyi & Archambault, 1977; Lama,
1978). The shear strength properties of these joints depend upon whether they are clean
and closed, or open and filled with various infill materials. The most obvious affect of a
filling material is to separate the discontinuity walls and reduce the rock-to-rock
contact, which influences the joint shear strength. Field observations proved that hard
rock interlocking asperities with a small increase in normal stress greatly improve its
shear strength, but infilled joint shear behaviour depends on the infill thickness (Barton,
1974). The shear strength of an infilled joint is a function of joint roughness, the degree
of weathering of the joint surface, thickness, and type of infill material. The physicomechanical properties of infill such as cohesive, non-cohesive, grain size of filling
material, saturation, and degree of consolidation play a greater role in defining joint
shear strength.
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In the study of infilled joint shear strength it is important to quantify joint
roughness because the type of joint origin is a major factor in defining joint roughness.
Rock joints formed by tensile-brittle failure demonstrate a greater roughness than the
joints formed by shear or compressive-brittle failure (Barton, 1973). Joint friction
angles vary from 800 to 200 for tensile and shear joints, respectively. An increase in joint
roughness contributes to joint shear strength where a reduction in joint friction angle
adversely affects the shear strength (Figure 3.1).

The degree of saturation of infill and hydrostatic pressure are the next most
important factors affecting rock joint shear strength. The pore water pressure acting on
joint surfaces dispels and lubricates joint walls, minimizing rock-to-rock contact and
decreasing the joint shear strength. In joint shear strength analysis, rough joints are
influenced more by the surface profile, infill thickness, and pore water pressure than
planar joints (de Toledo and de Freitas, 1995).

It should be noted that in spite of the adverse effects caused by infill on joints, it
may sometimes act like cement and heal the joints (Lama,1978). In these instances the
joint may not act as a joint and its shear response may be closer to intact rock. (Brady
and Brown, 1985); but this depends on the type of infill found in the joint and the
degree of cementation. In addition to the features described above the shear behaviour
of these joints may also depend on the infill thickness and the stresses acting on them.

This Chapter summarises previous work on infilled joint shear behaviour,
describes important areas which need further investigation, and outlines the objectives
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of this research study, to increase the knowledge of the shear behaviour of infilled
joints.

Figure 3.1 Blocky mass failure in an area consisting of orthoclase rich granitic rocks.
The effective friction angle is around 600. The joint filled with weathering products
resulting from freezing and thawing, which drastically reduces the shear strength. The
arrow indicates the direction of movement of the block (http://www.geoengineer.org).

3. 2 INFILL MATERIAL

3.2.1

Infill types and their characteristics
Infill material could vary from granular material and clayey soils transported by

water or gravity, to hydrothermal intrusions such as graphite, pegmatite, and
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discontinuities seen in high-grade metamorphic rocks such as biotitic layers. Tulinov
and Molokov (1971) categorised the type of infill found in rock joints into five major
groups according to their origin:

(1)

Loose material of tectonic crushed zones;

(2)

Products of decompression and weathering of joint walls;

(3)

Soils of the shear zones of rock slides;

(4)

Filling material of karst cavities formed by leaching of carbonate rocks
and transported by ground water flow;

(5)

Filling material of joints and cavities brought from the surface.

Brekke and Howard (1972) distinguished the following seven groups of joints
based on infill materials according to their strength and behaviour:

(1)

Healed or “welded” discontinuities;

(2)

Clean discontinuities, i.e., closed but without filling or coatings;

(3)

Calcite fillings

(4)

Coatings or fillings of chlorite, talc and graphite;

(5)

Inactive clay material:

(6)

Swelling clay;

(7)

Material that has been altered to a more cohesionless (sand-like)
material.
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According to Lama (1978), typical non-hydrothermal infill materials existing
within joint interfaces can be divided into the following four categories based on the
origin and method of transportation:

(1) Loose material brought from the surface such as sand, clay etc.
(2)

Deposition by ground water flow containing products of leaching of
calcareous or ferruginous rocks.

(3) Loose material from tectonically crushed rock.
(4) Products of decomposition and weathering of joints.

Based on the mechanistic point of view, infill types found in joints can be
reduced the to following 4 basic groups, in spite of the high complexity seen in regard
of natural joints and their fillings (Ladyani & Archambault, 1977):

a)

Clean, i.e., without filling or coating

b)

Coated

c)

Clay-like infilling

d)

Sand like infilling

Literature published within the last ten years related to infilled joint shear
behaviour contains a considerable number of papers. Some of these studies were made
in connection with large scale dam projects, which involved the testing of natural
infilled joints under in situ or laboratory direct shear test conditions (Bernaix, 1967;
Romero, 1968; Schnitter and Schneider, 1970 and Ladanyi and Archambault, 1977).

72

Chapter 3

3.2.2

CNL and CNS shear behaviour of infilled joints

The role of infill on the determination of joint shear strength

The thickness of infill material does not play a significant role on the shear
behaviour of planar joints as long as the particle sizes are smaller than the infill
thickness, so their movement and rearrangement during shear is not constrained by the
joint walls, otherwise the frictional behaviour of the joint would therefore be the infill
material. With rough joints, the interaction between the two walls depends upon the
geometry of the joint surface and the thickness of the infill. But when the infill
thickness is twice the asperity height there will be no interaction between the joint walls
and therefore the frictional behaviour of the joint will be represented by the infill alone.
Sometimes the strength of the infilled joint is smaller the infill material, as observed by
Kanji (1974), however, where the infill thickness is smaller than twice the asperity
height, the interaction between asperities and infill material will influence the shear
behaviour.

According to a detailed study carried out by Goodman et al. (1972), the affect of
infill type and pore water pressure on the shear behaviour of infilled joints can be
summarised as follows:

(1)

The failure envelope for most filled joints, is located between the filling and a
similar clean joint.

(2)

The stiffness and strength of filled joints slowly decreases with the thickness
offilling, but even with 100% filling thickness (t/a=1), they remain considerably
higher than those with filling alone.
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The stress-displacement curves of filled joints often have two portions,
onereflecting deformability of the filling before rock-to-rock contact, and another
reflecting deformability and failure of the filling and the rock irregularities in
contact.

(4)

The dilation rate at failure decreases with increasing normal pressure, to become
anegative (contraction) at high normal pressures.

(5)

The strength of a filled joint does not always depend on the thickness of the
filling, except when the joint walls are flat and smooth or covered with a coating
with a very low coefficient of friction; their the shear plane is always located at
the filling-rock contact.

(6)

Swelling clay is considered, one of the most dangerous gouge materials found in
joints due to its loss of strength from swelling and `high pressure if the swelling is
prevented.

Potential swell ability should be determined for clays containing

swelling minerals
(7)

If the wall rock of the joints is weathered, the shear strength of the joints can be
approximately described by Patton’s (1966) bi-linear strength envelope in which
both the asperity angle ‘i’ and the strength of the rock decreases with the degree of
weathering.

Barton (1974) further described the role of infill by simplifying the thickness of
clay filling into 4 basic groups (Fig. 3.2):

a) Low infill thickness, where almost immediate rock to rock asperity contact
occurs when normal stress across the contact points is high enough to dispel the
clay in these critical regions. A slight reduction in the dilation component of
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peak strength may be more than compensated for an “adhesive” action of clay in
these critical regions. Shear strength will not vary much from unfilled strength
because the rock-to-rock contact at peak strength is always small. Dilation due
to rock-to-rock contact will cause negative pore pressure to develop in filling if
there is a fast shearing rate.

b) Larger shear displacement will be required to develop the same amount of rockto-rock contact (as described in ‘a’) for slightly higher infill thickness. Dilation
component at peak strength is greatly reduced as the new position of asperities at
peak strength is similar to asperity arrangement of unfilled joint at its residual
strength. No negative pore water pressure developed due to reduced dilation.

c) No rock to rock contact anywhere, but there will be a build up of stress in the
filling where the adjacent rock asperities come close together. With a high
shearing rate there will be an increased pore pressure in the highly stressed
zones which will cause lower shear strength, but if the shear rate is lower,
consolidation will take place and the pore water pressure will dissipate to low
stress pockets on either sides of the consolidating zones. The net result either
will be a marked increase in shear strength as compared to fast shearing.

d) When infill thickness is several times the asperity amplitude, the influence of
rock walls will disappear. Provided the filling is uniformly graded and
predominantly clay or silt, shear strength behaviour is governed by
straightforward soil-mechanics principles.
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Figure 3.2 Four categories of discontinuity filling thickness (Barton, 1974)

Because various infilled joints behave differently, researchers have conducted
laboratory tests under CNL conditions to evaluate the shear strength parameters of both
natural and artificial infilled rock joints. They can be grouped as follows:

• Natural infilled joints tested for different surface profiles under CNL.,
• Artificial rough infilled joints tested under CNL condition, and
• Flat (saw cut surface) infilled joints tested under CNL.
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Boundary conditions controlling infilled joint shear behaviour

The shearing of joints could take place under constant normal load as well as
under variable normal load conditions. Where there is no direct control over dilation,
the shearing of joints is called Constant Normal Load Condition (CNL), and where
dilation resulting from shearing is restricted by the surrounding rock mass, this is called
Constant Normal Stiffness Condition (CNS). Numerous studies on infilled rock joint
shear strength under CNL (Ladanyi & archambault, 1977; Lama, 1978, Papalingas,
1990; Phien-wej, 1990; de Toledo and de Freitas, 1995) and CNS (Indraratna &
Welideniya, 2003; Harberfield, 2002; Indraratna et. al. 1999,) have extended the current
State-of the-Art on infilled joint shear behaviour.

The most popular method for evaluating infilled joint properties is the
conventional direct shear test, in which normal stress remains unchanged during
shearing, i.e. zero normal stiffness (k=0). In underground excavations in jointed rock
mass, the normal stress never remains constant during shearing and discontinuities
existing in the rock masses may be filled with gouge material. This infill material may
be related to the origin of the fracture itself or, most often, directly or indirectly related
to the environmental conditions. Infill may be sand or gravel having frictional
properties, or a fine material such as clay or silt with cohesive properties. Considering
the wider range of infill materials found in the field, numerous research studies have
been conducted under CNL conditions. The researchers placed an emphasis on the
following boundary parameters, which significantly influence the shear behaviour of
infilled joints (de Toledo and de Freitas, 1993).
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Table 3.1 Parameters controlling shear strength of infilled joints (de Toledo & de
Freitas, 1993).

Material
parameters

Infilling properties

Infilling thickness
Joint stress history

Rock properties

Joint wall roughness
Orthogonal joints
Equipment
parameters

Drained shear strength Density
Undrained shear strength Mineralogical
Stiffness
composition
Grain
size
distribution
Degree
of
saturation
Grain bonding
Clay structure
Normal strength
Shear stress
Shear displacement
Shear strength
Tensile strength
Permeability

Rock type
Degree
weathering
Degree
saturation

of
of

Spacing
Hydraulic conductivity

Rate of shear
Stiffness of the
shearing equipment

The boundary conditions of investigations carried out by various authors on the
behaviour of infilled joints can be summarized as follows:

•

Nature of the joint type (i.e. tensile, compressive or model),

•

Type and thickness of infill material,

•

Infill pore water pressure and drainage conditions,

•

Boundary conditions of the infilled joints,

•

Shear speed and initial normal stress, and

•

Stiffness of the shear apparatus.
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3. 3 SHEAR BEHAVIOUR OF NATURAL AND MODEL JOINTS

Tulinov & Molokov (1971), Barla et al. (1985) and Xu (1989) conducted
laboratory studies on natural and model joints made to match the same surface geometry
and material properties of natural joints. These studies focused on the infilled joint shear
behaviour of rocks of medium strength (e.g. sandstone and other sedimentary types).
Concrete and gypsum plaster were used for casting laboratory specimens and surface
profiles of regular as well as irregular shapes were used in these studies. These
laboratory investigations were aimed at understanding the possible scenarios of shearing
mechanisms of infilled joints because natural joints cannot be used due to their limited
availability and the difficulties involved in obtaining identical joint surface geometries
for repetitive testing. Nevertheless, even limited testing of natural joints was found to be
immensely beneficial in understanding shearing across real asperities in rough joints.
Harder rocks (e.g. basalt, granite etc.) were also tested by Kanji (1974) and Pereira
(1990).

3.3.1

The effect of type and thickness of infill on the shear behaviour

Type and thickness of infill are the most important parameters controlling the
strength of a joint. Several investigations have reported that the thicker the infill, the
lower the joint strength (Coulson, 1970; Goodman, 1970; Kanji, 1974; Lama, 1978;
Phien-Wej et al., 1990; Papaliangas et al., 1993; de Toledo & de Freitas, 1993).
Previous test results (Kanji, 1974) show that in some cases the joint shear strength could
be smaller than that of the peak shear strength of the infill. A great deal of research has
been carried out to investigate in detail the affect of infill thickness on joint shear
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behaviour (Goodman, 1970; Kanji, 1974; Ladanyi & Archambault, 1977; Lama, 1978;
Phien-Wej et al., 1990; Papaliangas et al., 1993; de Toledo & de Freitas, 1993). Their
findings conclude that the shear behaviour of infilled joints is a function of joint surface
geometry (e.g. flat, rough or saw-tooth) and the infill type (e.g. cohesive or granular).

Direct shear test results reported by Goodman (1970) on saw-tooth shaped joints
filled with crushed mica revealed that below a t/a ratio of 1.25, the strength of the joint
is greater than that of the infill alone (Fig. 3.3, where t is infill thickness and a is
asperity height).

700

Shear strength, kPa

600
500
400
300
200
100

Infill strength

0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Relative thickness, (t/a)

Figure 3.3 Shear strength of mica infilled joint under a normal stress of 746 kPa for
various t/a ratio (after Goodman, 1970).
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Direct shear tests on infilled joints were also carried out by Papaliangas et al.
(1993). The experimental results on models of rock joints with two different mean
roughness amplitudes using pulverised fuel ash (PFA), marble dust and kaolin as infill
showed that shear strength decreases with increasing infill thickness (t). For kaolinfilled joints, shear strength was reduced by 50% from the clean joint with t/a as low as
0.1 and continued to decrease slowly with increasing t/a. For frictional infill, the
decrease in shear strength was much less and the overall loss of strength much smaller
(Fig. 3.4). The lowest strength of the infilled joint system lies between the strengths of
infill alone and the infill-rock interface. This minimum shear strength is approached
when t/a approaches 1.0 for kaolin and 1.5 for marble dust and PFA.

Figure3.4 Effect of infill thickness on peak shear strength. Joint A/.PFA (corrected)
(Papalingas et al., 1990).
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However, engineers generally rely on taking the shear strength of the infill itself
for the strength of infilled joints. They assumed that this is a conservative lower bound
because there are no reliable and realistic theoretical or empirical relationships to
quantify infilled joint shear strength. This is further affected by the difficulties in
obtaining and testing natural representative samples of infilled joints. An array of
models was used by Papalingas (1990) to ensure uniform geometrical and strength
characteristics throughout the test programme. The number of variables was reduced by
using 4 different normal stress levels and a dry cohesionless fill material. To provide
data for a comparison, a second model representing a different rock type was prepared
and tested with different filling material and stress levels. Tests carried out with thin
infill were dilatant, whereas tests with thicker infill were compressive. The dilation
angles changed from positive (dilation) to negative (compression) for t/a ratio > 0.25. It
was also found there is no clear dependence between the dilation angle and the normal
stress level over the range of stresses employed by Papaliangas et al. (1993). At a t/a
ratio greater than 1.14, peak shear strength was attained at a relatively small shear
displacement because the infill controls the shear behaviour of joints. In general, shear
strength decreases with increasing infill thickness. The maximum and minimum values
of the peak shear strength of infilled joints lie between infill strength and the shear
strength of the rock-infill interface.

Tulinov and Molokov (1971) carried out experiments using different rocks
(limestone, sandstone and marl) and infill such as sand and clay layers with a thickness
of 5-6 mm. Their results show the impact caused by a thin layer of sand on the frictional
behaviour of softer and harder rocks, where the friction angle of harder rocks was less
influenced than softer rocks (e.g. marl). Since these tests were conducted with a
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comparatively large infill thickness to asperity height (t/a) ratio, interaction or
interlocking among the asperities may not have taken place.

Direct shear tests carried out by Ladanyi & Archambault (1977) using kaolin
clay (Fig. 3.5) between concrete blocks show certain similarities to the results obtained
by Goodman (1970). They also suggest that a steeper asperity angle and a decreasing t/a
ratio contribute positively to the shear strength.

Figure 3.5 Effect of thickness of clay filling on the strength of joints in direct shear: σ =
2.9 MPa (Ladanyi & Archambault, 1977).

Lama (1978) presented a series of laboratory tests performed on replicas of
tension joints modelled with hard gypsum and kaolin infill (Fig. 3.6). He concluded that
the strength of the joint drops to that of the infill at t/a= 0.35-0.72, depending upon
normal stress acting on the joint, he did point out the importance of considering infill
thickness because the strength drops to almost 50% even at t/a= 0.07-0.25. The

83

Chapter 3

CNL and CNS shear behaviour of infilled joints

assumptions used to estimate infilled joint shear strength was that if t/a >2, only the
properties of the infill needed to be used to evaluate joint strength. According to Lama,
this assumption could have had dangerous repercussions.

Figure 3.6 Application of proposed empirical relation on published data (Lama, 1978).

Kutter & Rautenberg (1979) also observed the influence caused by the
thickness, type of the infill, and surface roughness on the shear behaviour of joints. The
strength of a clay infilled joint increases with the increase of surface roughness whereas
a sand filled joint is less affected by surface roughness. However, the overall shear
resistance of the joint was reduced as a result of increasing infill thickness.

Wanhe et al. (1981) found that the shear displacement corresponding to peak
shear stress gradually increased as the infill thickness was increased up to a critical
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value, beyond which the shear stress was controlled by infill, and the peak shear stress
was attained at a smaller shear displacement. Phien-Wej et al. (1990) performed direct
shear tests on toothed gypsum samples filled with oven-dried bentonite. Test results
show that the strength of the joint becomes equal to that of the infill when the t/a ratio
reaches about 2 (Fig. 3.7).

Figure 3.7 Effect of t/a ratio on normalized shear strength and dilation/compression of
infilled joints (Phien-Wej et al., 1990).

Observations made by Ehrle (1990) indicated that the introduction of infill
material decreases the friction angle and increases joint cohesion. The model rock was
produced from epoxy resin mixed with a curing agent and sand having σc = 160 MPa
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and joint roughness (JRC) varying from 0-10. Artificial clay consisting of sand,
kaolinite, barytes, gypsum and water was used as the infill material.

de Toledo & de Freitas (1993) conducted ring shear tests on toothed Penrith
sandstone and Gault clay to define the role of infill on shear behaviour. Joints were
consolidated at two different stress levels and sheared at a constant normal stress of 1.0
MPa. Test results (Fig. 3.8) show two peaks, which were attributed to the infill peak and
the combined rock-infill peak respectively. The continuous reduction in soil peak shear
strength was observed up to t/a ratio of unity, and subsequently, the shear strength
variation beyond critical t/a ratio became marginal. The rock peak shear strength or the
ultimate strength of the joint was the same regardless of the consolidation stress of the
infill, and at a t/a ratio of unity, it was greater than the strength of the soil alone. The
rock peak envelopes do not approach the strength envelope of the unfilled joint when
the infill thickness approaches zero, however, at a t/a ratio greater than unity, joint
strength may be considered equal to that of the infill alone. When t/a<1, if the shear
displacement was sufficient for rock-to-rock contact to occur, the strength of the joint
will also be controlled by the rock asperities.
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Figure 3.8 Strength of clay infilled sandstone joint tested under CNL in a ring shear
device for σn = 1000 kPa (de Toledo & de Freitas, 1993).

3.3.2 Affect of infill type and grain size on failure plane development

The affect of grain size on the development of shear plane and shear strength
have been investigated by many researchers. There was a clear difference between
granular infill and cohesive infill, primarily how grain size affects development of the
shear plane (de Toledo & de Freitas, 1993; Paulino Pereira, 1990). As increasing grain
size approaches infill thickness, rolling friction takes a greater role in determining joint
shear strength. As shown by Paulino (1990), there was a systematic decrease in friction
angle with increasing grain size, which was more appropriately related to an exponential
relationship, as shown in Fig. 3.9. In a similar study Pereira (1990b), noticed that sand
infill sheared between two flat granite blocks developed a shear plane along the solid
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boundaries due to the sand grains rolling. de Toledo and de Freitas (1993) made similar
to observations.

The boundary affects on the development of shear plane have also been studied
by Sun et al. (1981), where he conducted direct shear box tests on concrete blocks
infilled with sandy-clay and clayey sand. There, the failure plane occurred either at the
top or bottom of the rock-soil contact, or at both ends. Solid boundaries affect the
strength of a joint in 2 ways. In clay fill, sliding occurs along the contact due to particle
alignment, whereas in sands as described above rolling of grains seems to be the major
factor responsible for weakness of the joint. Most research results showed that when
infill thickness is less than the initial asperity height, infill governs the development of
shear plane until rock-to-rock contact occurs. Once the rock walls come into contact,
shear strength is governed by the asperity angle and the strength of the rock surface.
Depending on the applied normal load, the shear plane will either follow the joint
geometry or shear through the asperities (Barton & Choubey, 1977). During the shear
process, after the first peak, shear strength rapidly builds to the next peak value and then
comes down to minimum. As displacement proceeds the infill becomes strain hardened
and subsequently, the shear strength again reaches maximum at the next peak-to-peak
asperity position.

When the fill thickness is greater than the asperity height, the failure plane can
be continuous but not intercepted by asperities. Under these circumstances the
difference in stiffness between clay and rock facilitates progressive rupture. Because,
clay is perfectly non-homogeneous, it is difficult to deform uniformly in the direction of
an applied force. This lack of uniformity is severe close to the tips where stress
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concentrations occur. These stress concentrations facilitate the development of failure
plane close to the tips, which propagates to the infill causing a shear strength lower the
infill alone.

3.3.3

The affect of joint roughness on the development of failure plane

The influence of joint roughness and grain size on shear behaviour was
investigated by Kanji (1974) in a series of laboratory investigations. He explored the
effect of soil-rock interfaces on the shear strength of infilled joints. Flat saw-cut and
polished surfaces of limestone and basalt were tested in shear boxes using different soils
as the infill material. The results in Table 3.2 indicate that an infilled joint can in some
cases be weaker than the soil constituting the infill material. The degree of strength
reduction seems to be a function of surface roughness and infill. The drop in shear
strength of a soil-rock contact occurs more at a lesser displacement than that required
for infill alone. The smoother the contact surface, the smaller the displacement required
to achieve residual strength values of the contact. This may be due to the presence of a
flat, hard rock interface, where friction coefficient between infill and rock is very low,
and also to the orientation of clay particles along the failure plane. Under such
circumstances, failure may take place at a very small horizontal displacement.
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Table 3.2 Boundary conditions and its influence on the shear strength of infilled joints.
Joints tested were flat saw cut and polished surfaces of Limestone and Basalt (Kanji,
1974).
Rock

Surface

Soil

τjoint/τsoil

Limestone

Saw-cut

Sandy kaolin clay

0.95

Limestone

Saw-cut

Pure kaolin

0.96

Limestone

Polished

Sandy kaolin clay

0.92

Limestone

Polished

Pure kaolin

0.88

Limestone

Polished

Illite

0.91

Limestone

Polished

Montmorillonite

0.76

clay
Basalt

Polished

Montmorillonite

0.61

clay

As described above, a joint surface with a smooth wall could demonstrate a
shear strength less than that of infill alone. Some research conducted by Kutter &
Rautenberg (1979) on clay infilled planar to rough sandstone joints under CNL
conditions showed that infilled joint strength is higher for rougher joints than for
smoother ones. Sun et al. (1981) also performed shear box tests on concrete blocks
filled with clayey sand and sandy clay with variable normal stresses and infill thickness,
to investigate the failure mechanisms involved in the shear behaviour of infilled joints.
It was found that failure surfaces could occur either at the top or the bottom rock
contact, or as a combination of both surfaces.
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Surface roughness also depends on soil particle size, for instance, the influence
of the rock boundary is felt when its surface is smoother than the surface roughness of
the sand infill, because dilation is reduced (as defined by its particle size distribution).
The joint in Fig. 3.10(a) is rough enough to prevent any movement of sand-rock contact
and consequently for failure to occur, sliding friction in the sand has to be overcome
whereas the joint in Fig. 3.10(b) is smooth, allowing grain rotation on the boundary
which means only rolling friction has to be overcome. This demonstrates the combined
role of surface roughness and grain size in the determination of joint shear strength.
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Figure 3.9 Influence of grain size on the joint friction angle (Paulino, 1990).
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3. 4 EFFECT OF DRAINAGE CONDITION ON STRENGTH

During the shearing of joints infilled with saturated or partially saturated fill
material, drainage is one of the important factors that controlling the shear behaviour of
infilled joints. Drained shear strength is always greater than undrained shear strength,
therefore, the rate of shear displacement should be maintained at a level where ample
time is provided for pore pressure dissipation during the shear process.

Eurenius & Fagerstrom (1969) reported laboratory test results on bentonite filled
chalk marl (medium to soft rock) joints under CNL. Laboratory shear tests were
performed under consolidated undrained conditions at a strain rate of 0.6-0.7 mm/min.
It was concluded that the laboratory results generally agreed with those of the in-situ
undrained tests.

de Toledo & de Freitas (1993) conducted tests on infilled joints at different shear
rates (Fig. 3.11) and found that at a slower rate which simulates drained condition, the
shear strength was higher in comparison with a specimen sheared at a faster rate (Fig.
3.12). The distance from the shear plane to the joint surface controls drainage and for
drained shearing, the shear rate should be less than the time required to consolidate the
infill (Fig. 3.13).
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(a)

(b)
Figure 3.10 Rock joint-sand filler contact: (a) rough surface with no influence in the
joint strength, and (b) smooth surface with weakening of the joint (de Toledo & de
Freitas, 1993).

Figure 3.11 Calculated shear speed required for no pore pressure development in the
filler of a permeable rock (de Toledo and de Freitas, 1993) draining joints with different
spacings to take place (de Toledo and de Freitas, 1993).
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Figure 3.12 Influence of the rate of shear on the strength of joints for t>a (noninterfering joints) (de Toledo and de Freitas, 1993).

Figure 3.13 Time for 95% pore pressure dissipation of an infilled joint interpreted by
free-draining joints with difference spacings to take place (de Toledo and de Freitas,
1993).
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3. 5 AFFECT OF DEGREE OF CONSOLIDATION OF FILLING MATERIAL
ON THE SHEAR BEHAVIOUR OF JOINTS

Discontinuity filling is normally consolidated if the existing effective normal
stress in situ (σ’no) equals or exceeds the maximum effective pre-consolidation pressure
(Pc) that the filling has ever been subjected to (Barton, 1974); the filling is overconsolidated if (σ’no) is less than (Pc). It is possible that most joints are overconsolidated when exposed to the surface as a result of surface erosion (Fig. 3.14).
Sometimes post construction stresses on over-consolidated joints may be smaller than
the pre-construction stresses. Barton (1974) emphasised the importance of assessing the
degree of consolidation when evaluating maximum infilled joint shear strength (i.e.
consolidated drained shearing).

The affect of infill thickness and its degree of consolidation on the shear strength
and deformation of rock joints have also been investigated using a Rock Rotary Shear
Machine (Fig. 3.15). It was revealed that the over-consolidation ratios affect the shear
strength of joints when the thickness of the infill is greater than the asperity height. At
low infill thickness, asperity height is the main parameter controlling displacement and
shear strength. Under these circumstances, infilled joints fail at higher horizontal
displacements and dilation, unlike unfilled joints, where failure results from asperities
braking on contact (Toledo & Freitas, 1995).
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Figure 3.14 Origin and strength effects of normally and over-consolidated clay
(Skempton, 1964).

3. 6 SHEAR STRENGTH MODELS FOR INFILLED JOINTS

3.6.1

Shear strength models under CNL conditions

Papalingas (1990), proposed a simple empirical model, which incorporates a approach
proposed by Ladanyi & Archambault (1977) for predicting the shear strength of infilled
joints (Fig. 3.16). Accordingly, the shear strength of an infilled rock joint falls between
two limits, Tmax, (maximum shear strength of unfilled joints)
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Figure 3.15 Cross section of the Rock Rotary Shear Machine (RRS) developed by Xu
et al., (1988) (de Toledo and de Freitas, 1995).

and Tmin, (the potential minimum shear strength of the system for a critical thickness of
infill) which varies with the thickness (f), type of infill, roughness of the rock wall, and
normal stress (σ). For rough, undulating and steep joints it is reasonable to assume that
Tmin equals the shear strength of the infill, but for planar or slightly undulating smooth
joints, Tmin will be equal to the strength along the interface, which is often lower than
the shear strength of the infill. Based on test results, they expressed the peak shear stress
as a percentage of stress ratios, as follows:

µ = µ min + (µ max − µ min )

n

(3.1)
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where, µ=(T/σ) x 100; µmax = (Tmax/σ) x 100; µmin = (Tmin/σ) x 100,

m are experimentally derived constants. For 0 ≤

f
≤c,
a

 1  f 
n = 1 −  
 c  a 

m

, c and

f is mean thickness of filling

material and a is mean roughness amplitude of the discontinuity.

The constant c is defined as the ratio f/a at which the minimum shear strength is
reached, and this depends upon the properties of the filling material, the normal stress
and the roughness of the discontinuity surface. The constants c and m are
experimentally derived. For the series of tests conducted by Papaliangas et al. (1993), c
and m values are considered as 1.5 and 1 for peak, respectively. Similar values were
also proposed by Ladanyi & Archambault (1977). For t/a = 0, µ = µmax which gives the
shear strength of the clean joint. For t/a >c, µ should be taken equal to µmin which gives
the minimum shear strength of the system.

µmax

µ=µmin+(µmax-µmin)n
n=[1-1/c(f/a)]m
m=constant

µmin

f/a

C

Figure 3.16 Proposed empirical relationship between shear strength of infilled joints
and t/a ratio (Papalingas et al., 1990).
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Lama (1978) established a logarithmic relationship for the prediction of clay
infilled joint shear strength based on laboratory investigations conducted on kaolin
filled, rough tension joints of sandstone. The proposed empirical relationship can be
represented by the following equation:

τ p = 7.25 + 0.46σ n − 0.30 ln( t )σ n 0.745

(3.2)

In the above expression τp is the shear strength (kN/m2), σn is the normal stress
(kN/m2) and t is the thickness of the infill material (mm). The proposed equation is only
applicable for the specific roughness of the joint tested, as the above equation does not
contain any terms related to the surface roughness.

Phien-Wej et al. (1990) presented an empirical equation based on laboratory
results for the determination of infilled joint strength (Fig. 3.17). They argued that for a
low asperity angle, the shear strength envelope is linear and becomes bilinear at higher
asperity angles. The joint behaviour was similar to the infill alone when the t/a ratio
reached 2. The shear displacement to attain peak strength was greater for higher infill
thickness. Based on the above findings, they proposed the following empirical model
for the prediction of the infilled joint shear strength:
τp
σn

=

τ o k1
−
( t / a ) exp[ k 2 ( t / a )]
σn σn

(3.3)

where, τp = shear strength of infilled joint with infill thickness, t; σn = normal stress; τo
= shear strength of unfilled joint at σn and k1 & k2 = constants that vary with the surface
roughness of joints and applied normal stress.
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τp/σn

Infill thickness t (mm)

(t/a)

(t/a)

Figure 3.17 Empirical model for peak shear strength of infilled joint (Phien-wej, 1990).

de Toledo & de Freitas (1993) proposed a general model for predicting the shear
strength of infilled joints of various infill thicknesses based on the experimental
observations shown in Figure 3.18. This was same as those presented by Nieto (1974)
to describe the infill-rock joint interaction as interlocking, interfering and noninterfering. Interlocking occurs when the rock surfaces come in contact, interfering
when there is no rock contact but the strength of the joint is greater than that of the infill
alone, and non-interfering when the joint behaves as the infill itself. Several researchers
proposed mathematical models for the interfering region (e.g., Ladanyi & Archambault,
1977; Papaliangas et al., 1990; Phien-wej et al., 1990). The limit between interfering
and non-interfering regions defines the critical thickness tcrit, beyond which joint shear
behaviour is generally governed by the infill alone. This critical thickness is a function
of the infill material grain size and asperity height. Hence, sands, sandy soils, and any
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material representing granular behaviour tend to have a critical t/a ratio greater than
unity. On the other hand, clays present a critical t/a ratio of unity or less.

The joint roughness and size also control the magnitude of the critical t/a ratio.
Idealised toothed joints tend to have higher critical thicknesses than tensile fractures; so
do small joints compared with larger ones, because the greater the displacement
required for rock contact to occur, the easier for the infill to achieve peak strength
before rock interference. Experimental evidence shows that a critical t/a ratio of up to 2
is applicable when granular fills are sheared in toothed joints, whereas they may be just
above unity when tensile fractures are tested. In the case of clay fills, toothed joints give
a critical t/a ratio of unity, which may be as low as 0.60 for tensile fractures. The double
peak phenomenon was observed by Toledo & Freitas (1993) for t/a ratio less than unity.
Under such circumstances, the infill initially reaches peak strength and with continued
shear displacement the rock asperities come in contact, generating a second peak shear
stress. The intercept between the rock peak envelope of an infilled joint for fill thickness
tending to zero is lower than the strength of the unfilled joint for a given normal stress.
If an unfilled joint is made of weak rock or artificial material, the difference between the
rock peak and soil peak may sometimes go unnoticed.
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Interlocking

Shear strength

τ1
τ2

τ1=φunfilled joint
τ2=φunfilled joint+φsoil-φbasic
τ2=φsoil+β

Rock peak

τ3
τ3

Interfering

Non-interfering
Granular filler

Soil peak
Clayey filler

t

crit

a

t

crit

Thickness, t
Figure 3.18 Strength model for infilled joints (de Toledo & de Freitas, 1993).

3.6.2

Shear strength models under CNS conditions

Compared to current research work conducted on infilled joints under constant
normal load (CNL) conditions only limited research has been done under CNS in the
past. It is worthwhile to mention the recent work carried out by Siedel & Haberfield
(2001a) on clean joints without any infill and Indraratna et al. (1999 and 2001) on the
shear behaviour of bentonite infilled joints including bolting on joint shear behaviour.
Furthermore, Indraratna and Welideniya (2003) used graphite as infill material in their
study to simulate granular low friction infill on joint shear behaviour under CNS
conditions.
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The CNS shear apparatus built at the University of Wollongong was used for
research carried out by Indraratna et al. (1999) and Indraratna & Welideniya (2003). It
consists of two steel boxes, one on top of the other. The top box (250x75x150 mm) and
the bottom box (250x75x100 mm) having maximum normal and shear load capacities
of 120 kN and 180 kN. The normal stiffness has been 8 kN/mm. Tests were conducted
on joints with asperities with inclinations of 9.5o (Type 1) and 18.5o (Type 2), under a
given range of initial normal stresses (σno) varying from 0.30 to 1.10 MPa, bentonite
infill and at a constant normal stiffness of 8.5 kN/mm. To compare CNS shear
behaviour with CNL, the authors have conducted both types of tests in this research
study.

Indraratna et al. (1999) conducted fifteen tests for Type 1 joints under given σno
values on joints having infill thicknesses ranging from 0 to 4.5 mm, which corresponds
to infill thickness/asperity height (t/a) ratio from 0 to 1.8. Test results show that peak
shear stress drops significantly in comparison to clean (unfilled) joints after a thin infill
layer of 1.5 mm is added. Maximum shear stress continues to drop with increasing infill
thickness until infill thickness (t) becomes the same as the asperity height (i.e. t/a=1.0).
Shear stress and normal stress responses remain relatively unchanged even at large
displacements for σno=0.30 MPa. This indicates that the affect (contact) of asperities is
reduced and that shear behaviour is now governed mainly by the infill. As the infill
thickness is increased further, shear stress quickly peaks at a very small horizontal
displacement and continues to drop gradually until it equals soil infill at which the infill
thickness (t) exceeds 2.5 mm. For t>2.5 mm, even at higher initial normal stresses (i.e.

σno=0.56 MPa and 1.10 MPa), shear behaviour is governed mainly by infill`, as no
dilation is observed during shearing.
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Eighteen tests were conducted on Type 2 interfaces with infill thicknesses
ranging from 0 to 9 mm, under the same initial normal stresses (σno), used for Type 1
joints. The drop in peak shear stress of infilled joints becomes insignificant if the infill
thickness is increased beyond 7 mm or as t/a exceed 1.4, at σno= 0.30 MPa. For

σno=0.30 and 0.56 MPa, influence of asperities became negligible beyond 5 mm infill
thickness. At a greater σno of 1.10 MPa and beyond t=9.0 mm, the affect of asperities
became insignificant.

The change in NSD (∆τp/σno) with t/a ratio has been plotted for the three levels
of σno. The effect of (a) asperities only, (b) asperity and infill and (c) infill only, can be
observed from these plots for Type I and II joints (Fig.3.19). The change in NSD of
infilled joints can be simulated using a hyperbolic fit (Equation 3.4). Indraratna et al.
(1999) used α and β hyperbolic constants to transform the drop in normalised shear
strength to a linear relationship (Fig.3.20a-c).

NSD =

t/a
α (t / a ) + β

(3.4)

where, NSD = ∆τ σ no , α and β = constants depending on σno and surface roughness.
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Figure 3.19 Formulation of hyperbolic model for the prediction of drop in peak shear
stress due to infill (Indraratna et. al., 1999).
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Figure 3.20 Normalised drop in peak shear stress (NSD) for Type I and II infilled
joints, based on hyperbolic model predictions (Indraratna et. al., 1999).
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The peak shear strength of an infilled joint under CNS condition can be
calculated according to Equation 3.5, once the strength of clean joints is known at a
given initial normal stress (σno) for a particular joint profile.

(τ )
p

inf illed

( )

= τp

clean

− ∆τ p

(3.5)

where, ∆τp = σno x NSD as defined by Equation 2

To develop a model to predict shear strength, Indraratna & Haque (1999)
adopted a method involving the Fourier transform method (Spiegel, 1974). Fourier
series can be used precisely to define any continuous function ƒ(x) which is integrable
along the period 2π and has an integrable derivative at some interval (a, b). The
following form of Fourier series was used in this study to characterise the joint profile
before and after shearing, for a prescribed period, T=b-a:

δ v ( h) =

where, a n =

∞
ao
+ ∑ a n cos( 2 πnh / T) + b n sin( 2 πnh / T)
2 n =1

[

]

(3.6)

2b
2 πnx
2b
2 πnx
dx , and b n = ∫ f ( x)sin
dx
∫ f ( x) cos
Ta
T
Ta
T

Fourier series is also used to match the exact joint dilation with horizontal
displacement, where the Fourier coefficients an and bn can be determined based on the
experimental data. Once the joint dilation, δv(h) behaviour with horizontal displacement
(h) under a given initial normal stress (σno) was fitted to a Fourier series (Equation 3.6),
the variation of normal stress under constant normal stiffness (kn) can be determined by
Equation 3.7:
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k n . δ v ( h)
A

(3.7)

where, σn(h) = normal stress at any horizontal displacement, h; σno = initial normal
stress; kn = normal stiffness; δv(h) = dilation corresponding to horizontal displacement,
h; A = joint surface area.

The predicted normal stress against the horizontal displacement is shown
graphically in Fig. 3.21. Subsequently, the shear stress response with the horizontal
displacement can be calculated from Equation 3.8 (Patton, 1966; Newland & Allely,
1957) as given below:

τ( h ) = σ n ( h ) tan(φ b + i( h ))

(3.8)

where, σn(h) is given by Equation 6 ; φb = basic friction angle; i(h) = inclination of the
tangent to; the dilatancy curve (Fig. 19a) at any horizontal displacement, h.

To obtain maximum shear stress (τp), Equation 3.8 needs to be differentiated
with respect to horizontal displacement h, such that

dτ (h)
= 0 . The method proposed by
dh

Indraratna et al. (1999) accurately predicts joint dilation corresponding to a given shear
displacement in relation to the measured data. For a given initial normal stress, the
predicted dilation is used to determine the stress-strain relationship for a specific surface
profile, from which peak shear stress can be obtained graphically.
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Figure 3.21 Graphical representation of prediction of unfilled joint shear strength
(Indraratna et. al., 1999).
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3. 7 CONCLUSIONS

Constant Normal Stiffness (CNS) conditions realistically simulate joints
shearing under confined environments than Constant Normal Load (CNL) conditions,
particularly in mining and tunnel excavations. There is a clear difference between
results obtained under CNS and CNL conditions particularly, the ratio of infill thickness
to asperity height (t/a). This plays a major role during shearing, irrespective of whether
the tests are conducted under CNS or CNL. The observations made in a previous work
by Sun et. al. (1996), Pereira (1990), de Toledo and de Freitas (1993) regarding the
development of shear plane has further confirmed this. Laboratory observations indicate
that the shear plane passes through the asperity and infill for a t/a ratios less than unity
and touches the ‘crown’ of the toothed asperity for t/a ratios close to unity. The shear
plane only passes through the infill for t/a ratios greater than a critical value, depending
upon initial normal stress. Once a critical t/a ratio is exceeded, shear behaviour is
predominantly governed by infill alone. The critical t/a ratio obtained for CNS tests is
significantly smaller than that proposed by other investigators based on CNL tests. For
CNS tests conducted on soft simulated joints, this critical ratio varies from about 1.4 to
1.8 as the applied initial normal stress increases. Moreover, in the vicinity of the critical
t/a ratio, the horizontal (shear) displacement corresponding to the peak shear stress
becomes a maximum.

The peak friction angle of clean joints dramatically decreases after a thin infill
layer of bentonite is added. In particular, a decrease in the friction angle with infill
thickness is more pronounced as the asperity inclination is increased. The drop in shear
strength with an increasing t/a ratio can be simulated using a hyperbolic decay model.
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Now that we know the shear strength of a clean joint as well as an infilled joint can be
estimated for a given t/a ratio and σno value after obtaining the hyperbolic constants (α,

β) from tests conducted on infilled joints.

The Fourier transform method was introduced to model the dilatancy behaviour
of ‘clean’ joints under CNS condition because it can accurately predict joint dilation
corresponding to a given shear displacement relative to the measured data. For a given
initial normal stress, the predicted dilation is used to determine the stress-strain
relationship for a specific surface profile, from which the peak shear stress can be
obtained graphically.

The published work on the laboratory study of graphite infilled joints carried out
by Indraratna and Welideniya (2003) confirms the above findings and also the role
played by the type of infill when determining joint shear strength. Further, the variation
of normal and shear stress with horizontal displacement is primarily a function of the
relative position of asperities (i.e. non-mated or fully mated), unless the infill thickness
is exceedingly high (i.e. t/a ratio>1). With an increased number of shearing cycles of
graphite infilled joints, a progressive degradation of sharp asperity ends occurred which
increased the ‘ductility’ of stress-strain behaviour. The results also confirm the joint
roughness of graphite infilled joints and the associated shear response (i.e. dilation,
normal stress and shear stress) could well be predicted using Fourier analysis.

This research study will attempt to address the issues relating to the shear
behaviour of infilled joints under CNS conditions by conducting a more detailed testing
programme. Tests will be conducted under both Constant Normal Stiffness (CNS) and
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Constant Normal Load (CNL) conditions, and specimens will be sheared at a controlled
low shear rate (drained) under a normally consolidated state. The infill will be contained
inside the interface during shearing so no infill is squeezed out laterally. To minimise
test variables, idealised joints will be tested using three types of infill material, which
will ensure reliable data via identical specimens. This work will be analysed in detail in
the following chapters of this thesis.
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LABORATORY INVESTIGATIONS

4. 1 INTRODUCTION

The shear behaviour of infilled rock joints was studied through a comprehensive
testing program under both CNS and CNL conditions on a series of modelled joints
consisting of idealised triangular asperities. Idealised regular triangular (regular toothed)
joints have been selected for simplicity of modelling. Although they do not perfectly
represent irregular or wavy type joint profiles found in the field they still provide a
simplified basis for comparing the effects of normal stress and different infill types
upon shearing. The tests consisted of an array of normal loads and infill thicknesses for
two joint types. The series of tests conducted for graphite infilled joints under CNS
conditions consisted of 60 tests for joint type 1, where each test has been repeated at
least twice and Type 2 consisted of a similar number of tests. The whole test program
under CNS consisted of more than 120 tests for graphite infilled joints and the CNL
tests were carried out least 72 times. Number of tests conducted for bentonite infilled
joints consisted of 12 tests (24 including repeats) under CNS conditions (in addition to
data from Haque, 1999), and the clayey sand infilled joints were tested 40 times under
CNS conditions. In addition, tests were conducted on clean joints with regular asperities
of Type 1 and 2. Asperity angles of joint type 1 and 2 were 9.50 and 18.50 respectively.

σno values used in the test series varied from 0.16 to 2.43 MPa and the t/a ratio was
varied from 0.3-3.6.
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This chapter contains a detailed description of the large scale CNS direct shear
apparatus, the preparation of joint specimens, and also the application of infill to joint
profile. A brief overview of the comprehensive laboratory investigations is given
thereafter.

4. 2 CONSTANT NORMAL STIFFNESS (CNS) DIRECT SHEAR APPARATUS

The relevance and importance of applying of CNS techniques for rock joint
testing have been discussed in the previous Chapters. As the determination of shear
strength under CNS is more representative of most rock slope movements seen
underground, this will lead to a more realistic quantification of joint shear behaviour. As
a consequence, Skinas et al. (1990), Ohnishi & Dharmaratne (1990) and many others
have dedicated much for the improvement, modification and design of direct shear
apparatus for a wide range of applications. Among these efforts, the first Australian
CNS testing apparatus was built at Monash University, Melbourne (in mid 80’s), for
testing the side shear resistance of rock socketed piles (Johnston et al., 1987).

A large scale direct shear apparatus was designed by Indraratna et al. (1997) at
the University of Wollongong, Australia to investigate the shear behaviour of infilled
joints. This apparatus has a computer interface for monitoring shear behaviour, and a
hydraulic loading device coupled to a mechanical driving system. This CNS testing rig
could be used to test specimens under both CNL and CNS conditions. The direct shear
apparatus used in this study consisted has a pair of large shear boxes, shear and normal
loading devices, displacement monitoring transducers and an adjustable rate of shear
displacement. However, to ensure the shearing was drained and to maintain consistency
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with previous research using the same apparatus, every test had a shear rate of 0.50
mm/min. A brief summary of different components of the CNS direct shear apparatus is
given below.

4.2.1

Large scale shear boxes

This CNS shear apparatus consists of two steel boxes. The top box is 250 mm
long, 75 mm wide and 150 mm high, and the bottom box is 250x75x100mm. Four
springs were used to simulate normal stiffness of the surrounding rock mass (kn =
dΝ/dδv) where, dΝ and dδv are the changes in normal load and displacement,
respectively. As shown in Figure 4.1, the top box can only move vertically with the
stiffness kept at a constant (8.5 kN/mm). The bottom box is fixed to a rigid base through
bearings and can only move horizontally.

4.2.2

Driving mechanism

The driving mechanism is a combined mechanical and hydraulic system with a
variable speed reduction gear box and screw connected to a hydraulic cylinder, which in
turn drives a larger ram. This larger ram (slave ram) is connected to the bottom half of
the shear box and moves forward and reverse in a horizontal plane. The rate of
horizontal displacement varies between 0.35 and 1.70 mm/min, the shear rate is user
defined, and in these tests was 0.5 mm/min.
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Displacement measurement

The dilation and shear displacement of the joints were recorded by
potentiometers (Fig. 4.1), and vertical and horizontal displacements are accurate to
0.00001 mm. The potentiometer mounted on the top box records compression of the
infill under an initial normal stress applied before the test starts and dilation during the
test. A close view of the direct shear apparatus is shown in Figure 4.2.

4.2.4

Loading device

The desired initial normal stress (σno) is through a hydraulic jack, with the
applied load measured via digital strain meters connected to a calibrated load cell. The
maximum normal load capacity is 180 kN. The shear load is applied through a
transverse hydraulic jack and a calibrated load cell, which is also connected to digital
strain meters and a (Fig. 4.2). The applied shear load was recorded via strain meters
fitted to the load cell, and has a maximum shear load capacity of 120 kN. An electric
pump was connected to the hydraulic jack when testing specimens under CNL to ensure
constant normal load on the shear plane.
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Figure 4.1 Schematic diagram of the CNS shear apparatus

4. 3 LABORATORY TESTING PROGRAMME ON UNFILLED JOINTS

4.3.1

Selection of model material for joint

Gypsum plaster (CaSO4.H2O hemihydrate, 98%) was used to make idealised
soft rock joints because this material was universally available and inexpensive. When
mixed with water it can be moulded into any shape, and the long term strength is
independent of time once the chemical hydration is complete. The initial setting time of
plaster is about 25 minutes when mixed with 60% water by weight. The basic properties
of the model material were determined by conducting unconfined compressive strength
(Appendix A) and Brazilian tests on 50 mm diameter core shaped specimens and 50
mm diameter discs after a curing for a period of two weeks, at an oven-controlled
temperature of 50oC. The cured plaster showed a
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Figure 4.2 Large-scale CNS direct shear apparatus at University of Wollongong with an
inset showing a close view of the stiffness elements.

consistent uniaxial compressive strength (σc) in the range of 11 to 13 MPa and a
Young’s modulus (E) of 1.9 to 2.3 GPa, and was suitable for simulating the behaviour
of a number of jointed rocks such as coal, friable limestone, clay shale and mudstone
(Indraratna, 1990). A comprehensive evaluation of the gypsum plaster rock based on
dimensionless strength factors was given elsewhere by Indraratna (1990).

118

Chapter 4

4.3.2

Laboratory investigations

Preparation of saw-tooth and natural specimens

Gypsum plaster mixed with water at 5:3 by weight forms a viscous paste, which
could be moulded into any shape. This paste was poured into rectangular moulds,
250x75x150 mm and 250x75x100 mm, having regular triangular joint surface profiles
(the model joint types 1 and 2). Before the paste was poured into the boxes a ‘Liquid
Release’ (TR 214, TR Industries) chemical was applied to the mould box walls and joint
surface profiles for easy removal.

A mild vibration was applied to the sides of the mould during specimen
preparation to release any entrapped air. At the end of initial setting time of 30 minutes
the mould of the joint surface was removed from the bottom box but the rest of the
specimen was kept inside the mould box. Thereafter the top box was placed on top of
the bottom box facing the already hardened joint profile. After fixing the top box firmly
over the bottom box, quick release chemical was applied on the surface of the hardened
joint profile as well as on the inner walls of the top box before placing the gypsum
plaster paste. Once the plaster paste was poured into the box, the whole assembly was
kept for about one hour at room temperature to complete initial setting. Then the
samples were removed from the casting boxes and cured for about one week at an ovencontrolled temperature of 500 C. After removing from the oven they were allowed to
cool to room temperature before testing and applying the infill.
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Test series of unfilled joints

It has been found that the shear displacement rate has a considerable effect on
the shear behaviour of joints under CNL; the shear strength of a joint increases with the
increase in shear rate. Therefore, it was essential to investigate its affect on the shear
behaviour of joints under CNS before carrying out the actual test programme. A strain
rate of 0.35-1.67 mm/min was applied by Haque (1999) to study the shear behaviour of
Type 1, 2 and natural joints (i= 9.50 and 18.5o for type 1 and 2 respectively) under a
constant normal stiffness of 8.5 kN/mm (Table 4.1). These tests consisted of Series 1-7
and subsequently, based on the outcome of the results and also after verifying with
available (published) test results (Ohnishi & Dharmaratne, 1990), a shear rate of 0.5
mm/min was adopted as the most suitable shear rate for testing infilled joints. In
addition to the above tests, a total of 8 more tests consisting of Series ‘A’ and ‘B’ were
conducted during the present research to improve the reliability of previous test results
(Table 4.2). The initial normal stress (σno) varied from 0.56 to 2.69 MPa.

The normal load was applied by a set of four springs having an overall normal
stiffness kn of 8.5 kN/mm (= 0.45 GPa/m for a joint area of 190mm x 100mm).
Although this value is less than that of many natural rock joints, it is representative of
weathered sandstone (Kangaroo Valley, Australia), graphite veins in jointed
metamorphic formations, some coal measures rock masses and representing moderately
jointed rocks and interbedded sandstone, shale and mudstone (Haque, 1999; Indraratna
et. al., 1999). However, in the field, rock mass stiffness can vary from a low to a high
value, depending upon the presence of joints. Moreover, as the parent rock is modelled
by gypsum plaster (equivalent to very soft rock), a relatively low value of kn is
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appropriate. The overall stiffness of the CNS apparatus loading through the spring
assembly enables the complete stress-strain behaviour of the test specimens (Figs. 3 and
4) to be followed without any uncontrolled brittle instability (Brady & Brown, 2004).
However, testing of much stiffer rock joints may require much stiffer spring assembly
and test frame.

4. 4 TESTING PROGRAMME FOR IDEALISED INFILLED JOINTS

4.4.1

Selection of infill material

Natural graphite, commercial bentonite and clayey sand were selected as the
infill materials. Graphite infill contained less than 10% moisture content, whereas
bentonite contained less than 12% moisture content. Natural graphite has low frictional
properties which cause adverse stability effects on joint shear behaviour, as seen in
graphite mines and in slopes intersected by graphite veins. Clay and clayey sand are
commonly found in rock joints as transported deposits, i.e., products of weathering and
surface processes transported by water into rock joints. These clay and clayey sand
deposits may be over-consolidated or normally consolidated (Barton, 1974). Previous
tests conducted on clay infilled joints were primarily performed under CNL conditions,
hence, it warrants study of their shear behaviour under CNS conditions. Clay may also
be near saturated, reducing the internal friction angle to a very low value. This study
employing dry graphite (granular and low frictional properties at large strains),
bentonite clay (12% moisture) and clayey sand (with higher angle of internal friction)
would provide valuable information for estimating the shear strength of infilled joints
with various infill types.
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Table 4.1 Details of test series and conditions for unfilled joint (Haque, 1999).
Name

Joint Type

Series 1
CNS
Series 2
CNL
Series 3
CNS
Series 4
CNL
Series 5
CNL
Series 6
CNS
Series 7
CNS

Shear rate
mm/min
0.35, 0.55, 1.02,
1.20, 1.67
0.5

Initial normal stress
σno MPa
0.56

No of tests)

0.30, 0.56, 1.10, 2.43

04

0.5

0.30, 0.56, 1.10, 2.43

04

0.5

0.30, 0.56, 1.10

03

0.5

0.30, 0.56, 1.10, 2.43

04

0.5

0.30, 0.56, 1.10, 2.43

04

0.5

0.56, 1.10, 1.63, 2.16,
2.69

05

Joint Type 2
(i=18.50)
Joint Type 1
(i=9.50)
Joint Type 1
(i=9.50)
Natural
joint
Joint Type 2
(i=18.50)
Joint Type 2
(i=18.50)
Kangaroo
valley
(natural
joint)
Number of tests
Total number of tests (at least

05

29
58

two tests for each σno ratio were

conducted to obtain the average mean response)
Note: at least two test per each σno were conducted to obtain the mean response
Table 4.2 Details of test series and conditions for unfilled joints under a shear rate of
0.5 mm/min.
Name

Joint Type

Shear rate

Initial normal stress

mm/min

σno MPa

No of tests)

Series A
Joint Type 1
0.5
0.3, 0.56, 1.1, 2.43
0
CNS
(i=9.5 )
Series B
Joint Type 2
0.5
0.3, 0.56, 1.1, 2.43
0
CNS
(i=18.5 )
Number of tests
08
Total number of tests (at least two tests for each σno ratio were 16
conducted to obtain the average mean response)
Note: at least two test per each σno were conducted to obtain the mean response
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Placing of infill on the joint surface

This section describes in detail casting of infill on the joints, which is also
described by Indraratna & Welideniya, (2003). An adjustable collar with the same
asperity pattern was used to apply the infill. The collar was attached to the top of the
lower half of the specimen with the surface above the bottom specimen. This creates an
enclosure over the specimen from which to cast the predetermined infill height. In this
study, natural graphite powder blended with 5% gypsum, commercial bentonite clay
and natural clayey sand were used as infill material. The addition of a small amount of
gypsum to graphite powder created a workable fill to ensure proper bonding with the
plaster (joint) surface. The slightly moist fill was spread over the surface to the
predetermined height and then compacted and trimmed with a spatula (Fig. 4.3). In this
manner, infill thickness was varied from 1 to 12 mm for both Type 1 and 2 joints. A
close up view of the prepared laboratory specimens is shown in Figure 4.4. The
specimens with infill were cured for 48 h at room temperature. Finally, after
dismantling the collar, the bottom specimen was placed within the shear apparatus and
fixed firmly by tightening all the screws.

4.4.3

Test series of infilled joint

The behaviour of infilled joints under CNL condition has already been
investigated in depth, but there were a limited number of papers published on CNS
testing of infilled joints (Cheng et al., 1996; Indraratna et. al., 1999). Therefore, to
further understand the shear behaviour of infilled joints, tests were conducted on sawtooth joints with 9.5o (Type 1) and 18.5o (Type 2) inclinations, under a constant normal
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stiffness (kn) of 8.5 kN/mm (or 453 kPa/mm for a joint surface area of 187.5 cm2) as
well as under CNL conditions. Joint samples collected in the field (graphite infilled
joint samples from graphite mines in Sri Lanka and Sandstone joint samples from
Kangaroo valley rock slide, NSW, Australia) were measured in the CMM and most
commonly occurring asperity angles for both for a base length of 100 mm were found to
be between 50-200. Sharp asperities were assumed to be not common in sandstone and
highly jointed rock as they break itself during their formation and in the deposition
process of infill. Consequently two asperity angles Type 1 (9.50) and Type 2 (18.50)
were selected in the testing program to represent this range of asperity angles. This
included four different series of tests for graphite infilled joints (Table 4.3), two for
bentonite infilled joints (Table 4.4, Haque, 1999), an additional two for natural clay
infilled joints (Table 4.5) and two for clayey sand infilled joints (Table 4.6). All of
which were conducted under a range of initial normal stress (σno) of 0.30, 0.56, 1.1 and
2.43 MPa for varying t/a ratios. All infilled joints were sheared horizontally under
drained condition at a constant rate of 0.50 mm/min, which was the same rate of
shearing of infill material in the direct shear apparatus. This allowed reference to
existing data and a comparison to be taken between CNL and CNS test data. A
summary of this test program is given in flowcharts presented in Figures 4.5, 4.6 and
4.7.
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4. 5 DIRECT SHEAR TEST PROCEDURES

To obtain reliable results all possible sources of error were eliminated. The test
procedures involved in shearing a specimen are briefly described below.

4.5.1

Setting-up of specimens in the shear boxes

When the cured specimens attained room temperature they were placed inside the top
and bottom shear boxes and secured tightly. The infill surface was prepared according
to the previously outlined method (Section 4.4.2) then fixed to the bottom box and
placed inside the lower specimen holder of the CNS apparatus. The top shear box was
inserted inside the upper specimen holder and screwed tightly. The specimens are now
fixed to the CNS apparatus but not in contact with each other. For testing, they must be
positioned appropriately so the upper specimen can be lowered to touch the bottom
specimen. This is carried out by moving the bottom half of the specimen forward or
reverse with the aid of hydraulic jacks to ensure an ‘exactly mated joint’. Once
specimens are positioned correctly the upper half of the specimen was lowered onto the
bottom half of the specimen to produce a ‘fully mated joint’. Finally, a set of springs
representing the surrounding rock mass stiffness (8.5 kN/mm) was placed on the upper
specimen before applying a normal load.
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infill
1

3
4

2
thickness = t

adjustable collar

mould

(a) Stage I: Fixing the adjustable collar above the bottom specimen and pouring infill.

infill

mould

(b) Stage II: Dismantling of collar and fixing infilled joint in position.

N

Top
infill
Thin stainless steel
lateral support

S

Bottom

(c) Stage III: Placement of top and bottom specimen together with lateral support.

Figure 4.3 Preparation of infill joint surface
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Figure 4.4 A close view of the prepared infilled joint surface.
4.5.2

Application of normal load

The predetermined normal load was applied before the start of each test through
the hydraulic jack using a manual or electric pump. The digital strain meter fitted to the
normal load cell indicated current normal load. The vertical potentiometer fitted on top
of the specimen indicated a stable reading once it was consolidated under an initial σno.
This initial normal load was kept constant for 45-60 minutes for consolidation to occur
then the normal load was adjusted to its previous level (σno) by raising pump pressure
(σno -0.3 to 2.43 MPa).

4.5.3

Shearing the specimens

The specimens were sheared at a pre-selected shear displacement rate. For this
study, a shear rate of 0.5 mm/min was applied for all the tests conducted under both
CNL and CNS conditions. Each test consisted of 2 cycles comprising forward and
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reverse shear. After forward shearing the hydraulic connections between the upper and
lower rams were interchanged and the specimen was sheared in the reverse direction
During shearing, shear and normal loads together with the dilation and horizontal
displacements were measured at 0.01 second intervals.

4. 6 PROCESSING OF TEST DATA

The test results were processed based on the assumption that the normal and
shear loads acted uniformly on the whole joint surface. In calculating shear stress (τh)
and normal stress (σnh) with any shear displacement, h, the following equations were
used:

τh =

Sh
B × Lh

σ nh =

(4.1)

Nh
B × Lh

(4.2)

where, Sh = Shear load and Nh = Normal load at horizontal displacement, h; Lh =
Affective specimen length corrected to current displacement, h, and B = Specimen
width.
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Laboratory investigation of the
shear behaviour of graphite
infilled joints

Shear rate

Testing of graphite

Shear strength of

0.5 mm/min

infilled joints

clean joints

CNS testing

Type 1

CNL testing

Type 2

Forward
shearing
5 different
t/a ratios at
3 initial
normal
stress levels
(repeated
totaling 30
tests)

Forward
shearing
5 different
t/a ratios at
3 initial
normal
stress levels
(repeated
totaling 30
tests)

Reverse
shearing
5 different
t/a ratios at
3 initial
normal
stress levels
(repeated
totaling 30
tests)

Reverse
shearing
5 different
t/a ratios at
3 initial
normal
stress levels
(repeated
totaling 30
tests)

Type 1

Forward
shearing
3 different
t/a ratios at
3 initial
normal
stress levels
(repeated
totaling 18
tests)

Reverse
shearing
3 different
t/a ratios at
3 initial
normal
stress levels
(repeated
totaling 18
tests)

Type 2

Forward
shearing
3 different
t/a ratios at
3 initial
normal
stress levels
(repeated
totaling 18
tests)

Reverse
shearing
3 different
t/a ratios at
3 initial
normal
stress levels
(repeated
totaling 18
tests)

Figure 4.5 Flowchart showing the summary of laboratory investigations of graphite

infilled joints.
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Laboratory investigation of the shear
behaviour of bentonite infilled joints

Shear rate

Shear strength of

0.5 mm/min

clean joints
CNS testing of bentonite
infilled joints

Type 1

Type 2

Forward and reverse shearing
t/a=0.6 at σno=0.3, 0.56 and 1.1 MPa
(repeated totaling 12 tests)

Forward and reverse shearing
t/a=1.2 at σno=0.3, 0.56 and 1.1 MPa
(repeated totaling 12 tests)

Figure 4.6 Flowchart showing the summary of laboratory investigations of bentonite

clay infilled joints
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Laboratory investigation of the shear
behaviour of clayey sand infilled joints

Shear rate

CNS Testing of clayey

Shear strength of

0.5 mm/min

sand infilled joints

clean joints

Type 1

Forward
shearing
5 different
t/a ratios at
σno=0.56
MPa
(repeated
totaling 10
tests)

Type 2

Reverse
shearing
5 different
t/a ratios at
σno=0.56
MPa
(repeated
totaling 10
tests)

Forward
shearing
5 different
t/a ratios at
σno=0.56
MPa
(repeated
totaling 10
tests)

Reverse
shearing
5 different
t/a ratios at
σno=0.56
MPa
(repeated
totaling 10
tests)

Figure 4.7 Flowchart showing the summary of laboratory investigations of clayey sand

infilled joints
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Table 4.3 Test condition and test series of graphite infilled joints under CNS and CNL.

Name

Series 1
CNS

Joint Type

Initial
normal
stress
σno MPa
0.53

Joint Type 1 1.1
(i=9.50)
2.43
Series 2
CNS

0.53
Joint Type 2 1.1
(i=18.50)
2.43

Series 3
CNL

t/a ratio

No of tests No of tests
(forward
(reverse
cycle)
cycle)

0.4, 0.6, 1.2,
2.4, 3.6
0.4, 0.6, 1.2,
2.4, 3.6
0.4, 0.6, 1.2,
2.4, 3.6
0.3, 0.6, 1.2,
1.8, 2.4
0.3, 0.6, 1.2,
1.8, 2.4
0.3, 0.6, 1.2,
1.8, 2.4
1.2, 2.4, 3.6
1.2, 2.4, 3.6
1.2, 2.4, 3.6
0.6, 1.2, 1.8,
0.6, 1.2, 1.8,
0.6, 1.2, 1.8,

5

5

5

5

5

5

5

5

5

5

5

5

3
3
3
3
3
3
48

3
3
3
3
3
3
48
96
192

0.53
Joint Type 1 1.1
(i=9.50)
2.43
Series 4
0.53
CNL
Joint Type 2 1.1
(i=18.50)
2.43
Total number of tests
Total number of tests including both forward and reverse
Gross number of tests (each test has been repeated twice
to improve reliability and consistency)

Note: some tests were repeated more than twice due to experimental problems
encountered during testing and also to verify the consistency of results.
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Table 4.4 Test condition and test series of bentonite infilled joints under CNS (Haque,
1999).

Name

Joint Type

Initial normal t/a ratio
stress
σno MPa
Series 1
Joint Type 1 0.30
0.6,1.0, 1.4, 1.8
0
CNS
(i=9.5 )
Series 2
Joint Type 1 0.56
0.6,1.0, 1.4, 1.8
0
CNS
(i=9.5 )
Series 3
Joint Type 1 1.10
0.6,1.0, 1.4, 1.8
0
CNS
(i=9.5 )
Series 4
Joint Type 2 0.3
0.3, 0.6, 1.0, 1.4, 1.8
0
CNS
(i=18.5 )
Series 5
Joint Type 2 0.56
0.3, 0.6, 1.0, 1.4, 1.8
CNS
(i=18.50)
Series 6
Joint Type 2 1.1
0.3, 0.6, 1.0, 1.4, 1.8
CNS
(i=18.50)
Number of tests
Total number of tests (at least two tests for each t/a ratio were conducted

No of tests)

4
4
4
5
5
5
27
54

to obtain the average mean response)

Table 4.5 Test condition and test series of bentonite infilled joints under CNS
conducted to asses shear behaviour of forward and reverse cycles

Name

Joint Type

Initial normal t/a ratio
stress
σno MPa
Series 1
Joint Type 1 0.56, 1.1, 2.43
0.6
0
CNS
(i=9.5 )
Series 2
Joint Type 2 0.56, 1.1, 2.43
1.2
CNS
(i=18.50)
Total number of tests
Total number of tests including both forward and reverse
Gross number of tests (each test has been repeated twice
to improve reliability and consistency)
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cycle)
3

No of tests
(reverse
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3

3

3

6

6
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Table 4.6 Test condition and test series of clayey sand infilled joints under CNS.
Name

Joint Type

Initial
t/a ratio
normal
stress
σno MPa
Series 1
Joint Type 1 0.53
0.4, 0.6, 1.2,
0
CNS
(i=9.5 )
2.4, 3.6
Series 2
Joint Type 2 0.53
0.3, 0.6, 1.2,
0
CNS
(i=18.5 )
1.8, 2.4
Total number of tests
Total number of tests including both forward and reverse
Gross number of tests (each test has been repeated twice

No of tests No of tests
(forward
(reverse
cycle)
cycle)

5

5

5

5

10

10
20
40

to improve reliability and consistency)

4. 7 CHARACTERIZATION OF JOINT ROUGHNESS

4.7.1

Joint sampling

Intact graphite joints were sampled from Sri Lankan graphite mines namely
Bogala and Kahatagaha-Kolongaha (Figures 4.8 and 4.9), and also from the Kangaroo
valley rock slide in New South Wales, Australia. Surface profiles of these samples were
digitally recorded at the University of Wollongong to estimate their roughness.
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Figure 4.8 Surface profile of a graphite joint after the careful removal of one joint wall.

Figure 4.9 Specimen of intact graphite joint collected from a graphite mine.
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Digital coordinate measuring machine

The roughness of joint surfaces was measured under a digital Ferranti (Mercury)
Coordinate Measuring Machine (CMM) (Figure 4.10). The CMM is manually driven,
which consists of a set of Renishaw probe and a MICRO 900 microprocessor. The basic
frame of the machine is placed on a granite table. The machine can measure a minimum
of 1 micron position resolution and can achieve an accuracy of 95% confidence under
normal working conditions.

The test specimens were placed on the granite table of the CMM, for this study,
is considered a ‘perfect datum’. The surface profile of the specimen was recorded with
the touch trigger probe of the CMM with all measurements taken relative to the ‘perfect
datum’. The X and Y axes or scan lines were arranged at 2mm interval in a 2x2 grid and
the surface heights were measured along the Y axis at 2 mm increments (Appendix A).
The surface profiles of joint samples collected from graphite mines and Kangaroo valley
rock slide were digitised using CMM apparatus.

4.7.3

Fourier analysis of joint roughness

The natural joint surfaces were characterised using the Fourier Transform method. The
measured joint surface profiles for each scan line were mathematically characterised by
Fourier series (Fig. 4.11). Fourier model at harmonic frequency between 10 and 25
closely represented the roughness of the surface profile. The corresponding surface
topography then reproduced graphically using SURFER 7 at 1x2 mm grid (Fig. 4.12).
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Figure 4.10 Digital coordinate measuring machine (CMM).

In the recent studies on joint roughness, Fourier transformation has proven its
ability to predict surface profiles very closely to their measured values. The relevant
Fourier Equations (Equations 4.3 and 4.4) are given below. The Fourier coefficients (an
and bn) for various surface profiles are tabulated in Table 4.7.

∞
2nπx
2nπx 

f ( x) = C0 + ∑  an cos
+ bn sin

L
L 
n =1 

δv =
h

∞ 
1b
2nπx
2nπx 
+ b sin

∫ δv(x) dx + ∑  an cos
n
La
L
L 
n = 1

2
2πnx
2
a n = ∫ f ( x) cos
dx and bn =
La
L
L
b

where,

(4.3)

(4.4)

b

∫ f ( x) sin
a

2πnx
dx
L

, C0 is a

constant, L is the sample length equal to a-b, δvh is height at any length, h; ao, an, bn are
Fourier coefficients; T is period and n is number of harmonics. The Fourier coefficients
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for predicting joint roughness can be obtained with a sufficient number of harmonic
cycles.

12

B
Asperity Heights mm

8

4

Representative joint surface profile

0

Asperity Heights
Fourier modelling of
asperity heights

A
-4
0

40

80

120

Sample Profile Length mm

160

Figure 4.11 Fourier simulation of asperity heights at 25th harmonic frequency

Taking into consideration insignificant affects caused by smaller asperities
during shearing as well as practical aspects of reproducing significant number of similar
joint profiles for testing joint surface profile is simplified with a triangular surface as
indicated in Fig. 4.11. The height of asperities with reference to the base line AB was
about 2-2.5 mm. The Parsevals identity is considered as the benchmark for indicating
the significance and influence of harmonic cycle simulating profile roughness. After 7-8
cycles the affect of the harmonic cycle started to decline.

The Fourier transform method can also be used in the field to predict joint
dilation (Haque, 1999). A database containing the likely values of Fourier coefficients
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for representative surface profiles at a range of normal stresses can be used to predict
the shear behaviour of those field joints. This research study is aimed at developing a
new methodology to determine infill joint shear strength avoiding this complicated
procedure where establishment of Fourier coefficients for each joint profile is required.
Table 4.7 Fourier coefficients for ‘n’ number of harmonic cycles obtained for a Fourier

simulation of natural graphite joint.
Harmonic
cycle
n

Fourier coefficients
bn
an

∑ (a

1
2
3
4
5
6
7
8
9
10
11
12
25

-0.87473
-0.11085
-0.24088
0.2749
0.007113
0.242739
0.018176
0.053543
0.005719
0.020169
0.008133
-0.01444
-0.00178

15.63213
1.768336
2.094642
0.835294
1.072789
0.486656
0.304234
0.207914
0.193703
0.104981
0.137236
0.076747
0.0.013622

-3.85577
-1.32516
-1.4271
-0.87162
-1.03573
-0.65401
-0.55127
-0.45282
-0.44008
-0.32338
-0.37036
-0.27666
-0.1167

∞

n =1

2
n

+ bn2

)

Parseval’s Identity
a 02 ∞ 2
+ ∑ a n + bn2
2 n =1
44.47125
46.23959
48.33423
49.16953
50.24232
50.72897
51.03321
51.24112
51.43482
51.5398
51.67704
51.75379
52.19695

(

)

4. 8 PROPERTIES OF INFILL MATERIAL
4.8.1

Testing of graphite core samples

Core specimens 50 mm diameter were prepared according to ISRM (1979)
standards, and tested under triaxial conditions in a Hoek-cell with confining stresses
ranging from 2-8 MPa. Solid graphite core samples instrumented with precision strain
gages were tested to determine the Poissons ratio (Figs. 4.13 and 4.14). Shear testing of
natural graphite powder was performed in a direct shear box to determine any internal
friction angle and cohesion.
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(a)
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(b)

(c)

(d)
Figure 4.12 Surface profiles of joints: (a) graphite infilled joint sampled from a production stope; (b) joint of a graphite split vein
intersected by diamond core drilling; (c) natural (tension) joint and (d) a field specimen obtained from Kangaroo valley rock slide as
simulated by SURFER 7.
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As expected the peak shear strength of intact graphite is higher at higher
confining stress levels. The peak shear strength of graphite was 24 MPa at a confining
stress of 8 MPa and was 16.5 MPa at 2 MPa confining stress. After reaching peak
strength there is a violent drop to post peak stress levels, indicating brittle failure, but
was less at higher confining stresses (Fig. 4.15). Mohr circles were also drawn for all
the tests conducted (Fig. 4.16). The experimental results show no linearity of the
strength envelope, but a bifurcation at higher confining stress levels, which deviates
from initial linearity.

(b)

(a)

Figure 4.13 Testing graphite core samples: (a) Instrumented graphite core specimen

before testing; (b) Graphite core specimen after testing showing the plane of failure.
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Figure 4.14 Graphite core specimen following triaxial testing.
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Figure 4.15 Axial stress vs axial strain for 50 mm diameter graphite core specimens
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Figure 4.16 Mohr-Coulomb strength envelope in terms of shear and normal stresses for

graphite core specimens.

4.8.2

Testing of graphite, bentonite and clayey sand in direct shear

Drained direct shear tests were conducted for graphite powder at a range of
normal stress levels starting from 0.024 to 1.1 MPa. The results show an increase in
shear stiffness with increasing normal stress levels, a post peak ductile behaviour at low
normal stresses, and a brittle transition at higher normal stresses (Fig. 4.17). The
maximum and minimum shear strengths observed in these tests were 0.32 and 0.025
MPa at 1.1 and 0.024 MPa, at normal stress levels respectively.
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Figure 4.17 Results of direct shear tests on graphite infill material at a range of normal

stress levels.
The strength envelope constructed on the results of the direct shear box tests for
graphite shows a bi-linear Mohr-Coulomb strength envelope with a bifurcation at 0.4
MPa normal stress, and zero cohesion (Fig. 4.18). The peak friction angle (ϕfill) is
around 210 at the initial part of the strength envelope and about 80 in the latter part
beyond the bifurcation point (Fig. 4.19). Test results of graphite core samples have
shown slightly higher value where internal friction angle has been close to 240. Direct
shear tests were also conducted for bentonite infill at a range of normal stresses with the
results plotted accordingly. They show a linear Mohr-Coulomb strength envelope with
zero cohesion and a peak friction angle (ϕfill) close to 250 (Fig. 4.20). Bentonite was
chosen to simulate an array of prototype infill materials in relation to a huge variety of
infill types found under field conditions (Phien-wej et al., 1990). Direct shear tests were
conducted for clayey sand, which is used as an infill with more frictional properties.
The internal friction angle of this clayey sand was approximately 300 (Fig. 4.21). The
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analysis of this infill material produced a particle size distribution of clayey sand where
more than 50% consisted of fine to medium sand, 25% silt, and less than 25% clay
component (Fig. 4.22). All the specimens were sheared under drained conditions at a
constant speed of 0.50 mm/min, which is similar to the shear rate used during testing of
infilled joints under CNS condition.
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Figure 4.18 Bi-linear peak strength envelope of graphite infill obtained from direct

shear tests.
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Figure 4.19 Peak strength envelope of bentonite infill obtained from direct shear tests
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Figure 4.21 Particle size distribution of clayey sand used as infill material.

4. 9 CONCLUSIONS

The following conclusions based on a comprehensive test program carried out
on the joint specimens collected from sites and infill material used in this research are as
follows:

Fourier transform method can successfully be used to model the joint profiles at
a minimum harmonic frequency to which an and bn were determined. The match found
at 25th harmonic frequency was very close to the natural joint profile, but the
significance of the harmonic frequency diminished beyond 7-8 cycles, which means the
match obtained at 7-8 cycles was good enough to model the joint profile. Accordingly,
the joint surface profile has been modelled with a simplified regular triangular asperity
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profile shown in Fig. 5.6 and this has been used in this research to prepare laboratory
specimens of joint surface profiles.

The unit weight of graphite was 21.87 kN/m3. Triaxial tests performed on
graphite core specimens demonstrated a rise in peak strength as the confining stress
levels rose, and a change of shear behaviour from brittle to ductile as the confining
stress increased.

Post-peak sharp drop in deviatoric stress indicates the homogeneous structure of
graphite (as observed in the field) where fracture initiation and propagation happens
simultaneously. This post-peak behaviour belongs to a Class II fracture occurrence of
intact material as defined by Waversik and Fairhurst (1970). In this material, peak
compressive strength is governed by localised faulting where a class II fracture
propagation process is highly unstable and self sustaining (Brady and Brown, 1985). As
a result, thick cemented graphite veins found in underground mines may suddenly give
up under increasing shear load causing a violent post peak failure, drastically reducing
the shear strength of graphite infilled joints or veins. It became clear from triaxial
testing that the elastic properties of graphite are very low and decrease further as the
confining stress increases.

The peak friction angle of graphite, bentonite, and clayey sand infill were 210,
250 and 300 respectively. The moisture content of all three materials at testing was less
than 15%. During shearing graphite developed internal layers, or shear planes, oriented
at the direction of shearing, which drastically reduced the friction angle, and as a result
the residual friction angle reached a low 80. These internal layers were not seen at stress
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levels lower than 400 kPa and as a result the internal friction angle at lower stresses
remained high. At higher stresses graphite grains were well oriented laterally due its
flaky hexaganol structure. In addition graphite is a ductile material with low frictional
properties which under pressure compresses to a slippery continuous layer which
ultimately forms internal layering (Fig. 4.22). This internal layering which starts to
develop at stress levels greater than 400 kPa drastically reduces the internal friction
angle. Whereas Bentonite infill did not show development of any internal layers at
stress levels used in the testing program which lead to a linear τ/σno relationship in the
absence of any bi-furcation. The bifurcation of strength envelope could be attributed
this development of internal layers in graphite.

Layer 1
Layer 2
Layer 3

Figure 4.22 Development of internal layers within graphite under high normal stress.
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CHAPTER 5

5

SHEAR BEHAVIOUR OF GRAPHITE INFILLED JOINTS
UNDER CONSTANT NORMAL LOAD (CNL) CONDITIONS

5. 1 GENERAL OVERVIEW

The shear behaviour of infilled joints under CNL conditions was investigated
before the same joints were tested under CNS conditions and described earlier joint
deformation under confined environments are more realistically reflected by CNS
conditions. However, to assess the affect of CNS condition on shear behaviour it was
necessary to study these under CNL conditions so, a test series was carried out on two
types of graphite infilled joints. The normal stresses used in these tests ranged from 0.56
to 2.43 MPa with an associated shear rate of 0.5 mm/min. The infill thickness varied
from 3 – 9 mm, which was equivalent to a t/a ratio of 0.3 – 3.6. Each test consisted of a
forward and reverse cycle. The reverse cycle enabled the study of shear response under
larger shear displacements as well as the effect of infill remoulding and orientation
along the shear path. The total number of tests was 36 where each test was repeated
twice (36×2) to maintain reliability of test results.
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5. 2 SHEAR STRESS RESPONSE AND RATE OF SHEAR
The shear rate significantly influences the shear response of joints and because
of this a realistic and constant shear rate was adopted for all tests under which the shear
strength would represent realistic and drained (effective) conditions. During previous
research carried out at the University of Wollongong (Haque, 1999) related to rock
joints, different joints were sheared at various shear rates and the change of shear stress
with horizontal displacement was plotted (Fig. 5.1). It was observed that peak shear
stress increase with an increasing shear displacement rate (0.35 to 1.67 mm/min) under
given normal stress conditions. Crawford & Curran (1981) also observed this effect for
soft joints under CNL. From this study and those

2.5
Type 2 joints:
σno=0.56MPa

Shear stress, MPa

2.0

1.5

1.0

0.35 mm/min
0.55 mm/min
1.02 mm/min
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0.0
0

5
10
Horizontal displacement, mm
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Figure 5.1 Shear stress vs. horizontal displacement for Type 2 joints (Haque, 1999).
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of Haque (1999), it was decided that 0.5 mm/min was a shear rate that would not
exaggerate shear strength and would adequately represent a typical post-peak strainsoftening response. In addition, this shear rate would maintain a fully drained condition,
as described by de Toledo and de Freitas (1995), whereby ample time was available for
the any pore water pressure in the infill to dissipate.

5. 3 NORMAL STRESS AND DILATION

In these tests, three different normal stress levels 0.56, 1.1 and 2.43 MPa were
used and they remain constant under CNL conditions. As dilation is not controlled
during shearing the shear profile is expected to follow the surface profile of the joint
under low infill thickness and normal stress. Under high infill thickness and low normal
stress, the shear plane is expected to propagate along a planar surface, as shearing takes
place through the infill alone. The dilation at minimum normal stress will closely
represent the asperity geometry, but, at low infill thickness and increased normal stress,
asperity breakage is expected where the maximum dilation is expected to be less than
the original asperity height. At high infill thickness subjected to high normal stress the
shear path may be slightly influenced by the asperity geometry (as asperity to asperity
contact is reduced), but the shear behaviour will be significantly influenced by restricted
dilation due to elevated normal stress.
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5. 4 RESULTS AND DISCUSSION

5.4.1

Type 1 joints

Figure 5.2 illustrates the shear behaviour of a joint with 9.50 triangular asperities
and an infill thickness of 3mm. Increasing normal stress has enhanced the joint shear
strength whereby at 2.43 MPa and 0.56 MPa normal stress levels the corresponding
shear strengths of the joint is 0.92 MPa and 0.2 MPa, respectively. The joint surface
profile has a greater effect on its shear behaviour at higher levels of normal stress. The
primary peak seen in the shear stress vs. horizontal displacement plots refers to the peak
strength of the infill alone followed by the second peak, which is considered to be the
combined effect of infill plus surface profile. At higher normal stress, the sharp drop in
stress is attributed to the joint sliding to a fully mated position where the shear stress is
minimised.

In the second shearing cycle (see Figure. 5.2), peak shear stress values at all
levels of normal stress are somewhat smaller than in the first cycle. This is not
surprising because horizontal shear planes developed in the compressed infill during the
first shearing cycle, which reduced shearing resistance during the second cycle. The
post peak drop in the second cycle (at all levels of normal stress) seems more dramatic
than in the first cycle, probably because the compressed infill was affected more by the
shape of the joint profile. Consequently, the post peak sliding to ‘fully-mated’ position
shows the lowest shear stress (Fig. 5.2).
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In the absence of post-peak drops seen in the previous tests the 6 mm thick shear
strength plots show a single peak followed by continuous shearing (Fig. 5.3). The
primary peak (which is the infill shear strength) and subsequent yielding is primarily
due to the thick infill cover suppressing the asperity to asperity contact.

The 6 mm thick infilled joint at 2.43 MPa demonstrates a significant drop in
shear strength during the second shearing cycle. This is caused by shear planes
developing in the direction of shear during the first cycle, which in turn cause a reduced
shearing resistance. The shear stiffness of the joints with 6 mm infill shows a gradual
increase with rising normal stress, for example, at 2.43 MPa it shows much greater
shear stiffness than at lower normal stresses. This is expected because higher confining
pressure on the joint should increase joint modulus. At 0.56 MPa and 1.1 MPa normal
stress levels shear strength remained the same in the second cycle, where continuous
shearing through the infill occurred. Joint shear strength at these normal stress levels
equals the infill shear strength.

The shear behaviour of 9 mm thick infill (Fig. 5.4) is similar to 6 mm thick
infill. The shear strength remains the same for both cycles at 0.56 MPa. At 2.43 MPa
normal stress, although a significant reduction in strength could be seen in the second
cycle. Shear behaviour is slightly influenced by the joint surface profile at 2.43 MPa
due to infill orientation and compaction, where, after a horizontal displacement equal to
the asperity base length, the joint slides to the ‘fully mated’ position.
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Figure 5.2 Shear response of Type 1 joints with 3 mm thick graphite infill (t/a=1.2) for
first and second cycles of shearing.
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Figure 5.3 Shear response of Type 1 joints with 6 mm thick graphite infill (t/a=2.4) for
first and second cycles of shearing.

155

0

Chapter 5

Shear behaviour of graphite infilled joints under CNL

In all three figures of i=9.50 (Type 1 joints), maximum shear strength equals to
infill strength and the asperity angle is insignificant when determining the apparent joint
shear strength. In the post peak region of first peak, the joint shear strength either drops
to a value less than the infill or remains the same throughout shearing. A comparison of
Figures 5.2-5.4 indicates that when infill thickness is smaller and normal stress (σn) is
larger, the joint profile plays a more dominant role.

5.4.2

Type 2 joints

Figures 5.5-5.7 show the shear behaviour of graphite infilled joints with an
asperity angle i=18.50. Shear stiffness and the overall shear strength of the infilled joint
increase with increasing normal stress; the primary peak relates to the shear strength of
the infill alone, followed by the secondary peak at the ‘peak-to-peak’ contact position of
the joint. Shear strength at the ‘peak-to-peak’ contact position is less than the infill shear
strength, as seen earlier for Type 1 joints. The sharp drop in shear strength subsequent
to the secondary peak once again indicates joint sliding to a ‘fully mated’ position. In
comparison to Type 1 joints, shear strength in the second cycle shows higher values
than the first cycle for σn=2.43 MPa and 1.1 MPa, primarily caused by the infill
compaction during the 1st shearing cycle, which causes increased asperity contact during
the 2nd shearing cycle. Consequently, the steeper asperities play a more dominant role in
determining shear strength than less steep asperities. Although asperity degradation was
expected at low infill thickness and at high normal stress, graphite infill cover seems to
have prevented asperity breakage. At σn=0.56 MPa, the joint shear strength in the
second cycle remained the same as the first cycle.
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The shear strength plots of 6 mm infill also show two peaks, which behave in a
similar manner as 3 mm thick infill. The drop subsequent to the primary peak is mainly
due to infill displacement even though the second peak remained almost equal to the
primary peak. This indicates lack of asperity interaction during shearing and hence the
dominant role played by the infill. During the second shearing cycle (Fig. 5.6), peak
shear stress values are somewhat greater than the first cycle caused by infill compaction
during the 1st cycle, as pointed out earlier. As expected, the thick graphite infill cover
has again prevented asperity degradation. The shear strengths of the joint during the
second cycle are 0.9 MPa, 0.4 MPa and 0.2 MPa for normal stresses of 2.43 MPa, 1.1
MPa and 0.56 MPa, respectively. Also, the well-compacted infill has contributed to
more ductile post peak behaviour during the second cycle.

The shear behaviour of 9 mm infill (Fig. 5.7) is similar to 6 mm thick infill. The
role of infill is predominant at t/a>1. Joint shear strength at all levels of normal stress
equals to infill strength, and the ductility seen during the second cycle is mainly due to
compacted and oriented infill undergoing further plastic yielding.

157

Chapter 5

Shear behaviour of graphite infilled joints under CNL

1.5

Normal stress (σn)
Peak 1

Shear stress τ MPa

1

Normal stress (σn)

σn=2.43 MPa

σn=2.43 MPa

σn=1.1 MPa

σn=1.1 MPa

σn=0.56 MPa

σn=0.56 MPa

0.5

0

First cycle

Second cycle

-0.5
0

10

20

30

Horizontal Displacement mm

40

50

40

30

20

Horizontal Displacement mm

10

0

Figure 5.4 Shear response of Type 1 joints with 9 mm thick graphite infill (t/a=3.6) for
first and second cycles of shearing.
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Figure 5.5 Shear response of Type 2 joints with 3 mm thick graphite infill (t/a=0.6) for
first and second cycles of shearing.
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Figure 5.6 Shear response of Type 2 joints with 6 mm thick graphite infill (t/a=1.2) for
first and second cycles of shearing.
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Figure 5.7 Shear response of Type 2 joints with 9 mm thick graphite infill (t/a=1.8) for
first and second cycles of shearing.
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Strength envelope

The CNL shear strength envelopes are plotted in Figs. 5.8 and 5.9 for joint
Types 1 and 2, respectively. The effect of larger strains on joint shear behaviour was
investigated through large shear displacements during a 2nd shearing cycle. The unfilled
joints indicate a bi-linear envelope as σn is increased up to 2.43 MPa. In Fig. 5.8 the
initial linearity (joint friction angle φ= 420) is observed for 0 to 1.1 MPa, and a reduced
gradient (φ= 310) beyond 1.1 MPa upto 2.43 MPa. Bi-linearity is not clearly evident for
infilled joints, but Fig.5.8 shows how an addition of infill has reduced joint shear
strength by almost 50% with a further gradual decrease in the shear strength with
increasing t/a ratio. A similar shear response is seen for Type 2 joints also. A reduction
in the angle of friction for infilled joints is evident in Figs 5.8-5.9. This reduction is
obviously greatest at lower σn, where dilation is less restricted. As expected, a reduction
of the friction angle was greater for a sharper asperity angle than for the smaller angle.

The shear strength envelope of Type 1 joint shows a further decline in friction
angle during the second cycle where it has reached a minimum value of 13.50. There
was no asperity degradation, and the shearing occurred only through the infill, without
asperity to asperity contact. By comparison, the shear strength of a Type 2 joint
increased during the second shearing cycle as a result of infill compression and a more
pronounced role by the joint surface profile, especially at a low t/a ratio and beyond
σn=1.1 MPa. The friction angle has increased to a maximum of 310 for t/a=0.6 at σn=1.1
MPa for the 2nd cycle.
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5. 5 SUMMARY

(1)

The shear strength of a clean joint of Type 1 is reduced by almost 50%
and Type 2 by about 53% by adding graphite infill

(2)

The shear strength of graphite infilled joints with different asperity
angles is almost the same as in the first cycle, but shearing of the same joints
was different during the second cycle.

(3)

This study verifies that at lower σn, infill plays a greater role, whereas at
higher σn asperities play a more pronounced even if infill thickness is
increased. High normal stress and low infill thickness significantly influence
the shear behaviour of joints having high asperity angle (e.g. Type 2).
Generally an increase in infill thickness helps reduce joint shear strength
because joint friction is also reduced.

(4)

Joints with small asperity angle (e.g. Type 1) are less affected by
increased normal stress, especially for t/a>1, where infill cover prevents
significant asperity interaction.

(5)

In conclusion, the ‘sharp drop’ in shear stress after the peak is attributed
to asperities sliding to the ‘fully mated’ position where shear stress is
minimized.
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Figure 5.8 Shear strength envelope for Type 1 joints with graphite infill for first and
second cycles of shearing.
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Figure 5.9 Shear strength envelope for Type 2 joints with graphite infill for first and
second cycles of shearing.
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Type 1 joints exhibit higher shear strength during the 1st shearing cycle
than the 2nd because the infill compacts and become aligned in the shearing
direction during the 1st cycle. This effect reduces the angle of shearing
resistance in the 2nd cycle. The asperity angle i=9.50 is not large enough to
cause any significant influence but in Type 2 joints (i=18.50), where cycle 2
indicates greater values of shear stress the opposite occurs. This is caused by
the increased asperity interaction of steeper saw-tooth profile due to infill
compaction.
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6

SHEAR BEHAVIOUR OF GRAPHITE INFILLED JOINTS
UNDER

CONSTANT

NORMAL

STIFFNESSS

(CNS)

CONDITIONS

6. 1 INTRODUCTION
The shear behaviour of graphite infilled joints under CNS conditions was
studied through a comprehensive laboratory testing programme to evaluate its impacts
under field conditions. In addition to graphite, two more types of infill, bentonite and
clayey sand were used to compare different infill types on joint shear response. A range
of infill thicknesses and initial normal stress levels were used in the test programme.
The boundary conditions of the experimental procedure were explained in detail in
Chapter 4. CNS testing was carried out using two joint types with a 9.50 (Type 1) and
18.50 (Type 2) asperity angles and a forward and reverse cycle. The forward shearing
stage is referred to as the first shearing and the reverse shearing as the second. True
shear and corresponding normal stresses were calculated using the corrected crosssectional area of the specimen at each displacement. The t/a ratio, beyond which the
change in joint shear strength becomes insignificant, is defined as the critical t/a ratio.
This Chapter consists of a comprehensive analysis of test results where the effect of
infill thickness, infill type, critical thickness, asperity angle and surrounding stiffness
are discussed in depth, leading to the development of a new infilled shear strength
model capable of quantifying infill joint shear strength via a simple mathematical
model.
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6. 2 EXPERIMENTAL RESULTS

6.2.1

Shear behaviour of Type 1 joints (i = 9.50) with graphite infill

This section describes the shear behaviour of graphite infilled joints, which
includes twenty-four tests. Tests show that shear stress against horizontal displacement
for joint specimens has four values of infill thickness (1.5, 3, 6 and 9 mm) and three
levels of initial normal stress (σn0 = 0.56, 1.1 and 2.43 MPa). These infill thicknesses
correspond to t/a ratios of 0.6 to 3.6. Both forward and reverse shearing cycles are
plotted up to 40 mm maximum horizontal displacement in one direction. At t/a<1, the
shear behaviour is expected to be influenced more by joint surface roughness whereas
as at t/a>1, for all Type 1 specimens, shear behaviour is expected to be largely governed
by infill.

The shear stress plot of t/a=0.6 (Fig. 6.1a) is influenced more by the asperity
profile at high σno. The stress-strain response shows an initial peak which is attained at a
low strain followed by shearing with more complex asperity ‘interference’ over the
infill. A rapid reduction in shear stress follows when the joint slides to the ‘fully-mated’
position. The subsequent increase in shear stress is almost symmetrical as asperity overriding occurs again. In comparison with σno=2.43 MPa, this is less pronounced at low
normal stress of σno=0.56 MPa. At σno=0.56 MPa, continuous joint yielding takes place
subsequent to the initial peak, which then slides to the ‘fully mated’ position. Although
the infill thickness is comparatively low the joint surface profile is less obvious under
this stress level. At high σno, compressed infill allows the shape of the joint surface
profile to play a greater role where at σno=1.1 MPa, the ‘peak-to-peak’ asperity contact
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is reflected by the second peak before the joint sliding rapidly to the ‘fully-mated’
position. At σno=2.43, peak shear stress due to asperity interaction is not as prominent as
expected because of asperity degradation (smoothening) at high σno and low infill
thickness. Asperity smoothening is more evident in the second cycle.

The changes associated with normal stress and dilation with horizontal
displacement are described as follows. The initial normal stress of σno=0.56 MPa was
not affected very much by the asperity profile due to the relatively small asperity angle
(Type 1 joints) and 1.5 mm infill cover which negates asperity to a certain extent. At
higher normal stress levels of σno=1.1 and 2.43 MPa, a slight rise in normal stress was
observed at the ‘peak-to-peak’ asperity contact position (Fig. 6.1b). This is mainly due
to increased asperity interference at higher stresses where compacted infill allows
greater asperity contact hence increasing normal stress. Joint dilation has reduced with
increasing normal stress (Fig. 6.1c) for instance, dilation at σno=0.56 MPa was much
greater than that at σno=2.43 MPa. At high normal stress, dilation becomes increasingly
suppressed by continuous asperity degradation. This is reflected more in the second
cycle where joint shearing at t/a=0.6, has shown a significant reduction in dilation and
increased ductility (Fig. 6.1c); behaviour characteristic of shear behaviour following
asperity breakage.
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As expected, increasing infill thickness has adversely affected the shear
behaviour of joints. The shear strength of joint with t/a=1.2 at σno=2.43 was
approximately 1 MPa (Fig. 6.2a) whereas the same joint with t/a=0.6 was 1.3 MPa. A
reduction in shear strength was observed at all levels of initial normal stresses.
Moreover, ‘peak-to-peak’ asperity contact became less prominent for t/a=1.2 compared
to t/a=0.6 due to increased infill thickness. When the t/a ratio was increased from 0.6 to
1.2, at any given horizontal displacement, a reduction in normal stress could be
observed (Fig. 6.2b), as an associated reduction in dilation. The dilation of joints with
t/a=1.2 (Fig. 6.2c) is smaller than joints with t/a=0.6 (Fig. 6.1c). This is attributed to a
less prominent asperity interaction occurring at higher infill thickness.

It is of interest to note that in spite of the higher t/a ratio, the observed dilation
during the 2nd cycle for t/a=1.2 (Fig. 6.2c) is greater than that for t/a=0.6 (Fig. 6.1c)
because in the latter, the higher infill thickness prevents excessive asperity breakage
during the 1st cycle (in comparison with the former), hence in the 2nd cycle, the
associated dilation is greater.
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Figure 6.1 Shear behaviour of Type 1 joint with 1.5 mm graphite infill (t/a=0.6) for
first and second cycles of shearing: (a) Shear stress, (b) Normal stress and (c) Dilation.
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Figure 6.2 Shear behaviour of Type 1 joint with 3 mm graphite infill (t/a=1.2) for first
and second cycles of shearing: (a) Shear stress, (b) Normal stress and (c) Dilation.
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The shear behaviour of joints with t/a=2.4 and 3.6 is in stark contrast to joints
with t/a=0.6 and 1.2. As anticipated, the test results prove a decreasing influence cast by
joint profile on shear behaviour at t/a=2.4. With regard to initial normal stress levels
(σno) used in the tests, at σno=0.56 and 1.1 MPa, the affect of surface profile on joint
shear behaviour has become significantly less than that σno=2.43 MPa (Fig. 6.3a). In
other words, no second peak was observed and the initial peak occurring within 2 mm
of displacement represents infill strength alone. At elevated normal stress σno=2.43
MPa, shear strength is influenced by asperities and the twin peak phenomenon is
observed (Fig. 6.3a). A rapidly attained 1st peak at a small strain is followed by a drop
in strength and the 2nd peak occurs at a shear displacement of about 10-12 mm. While
the 1st peak represents infill shear strength development of the 2nd peak represents the
joint surface shearing over asperities towards the ‘peak-to-peak’ position. With an
increase in shear stress, normal stress and dilation are also expected to rise.
Subsequently, shear stress drops to a minimum at the ‘fully-mated’ position,
approaching a displacement of 15 mm. The next peak is expected to occur when overriding of the asperities re-occurs. During the 1st cycle, excessive asperity degradation
was not expected to occur e to high infill cover therefore another sharp peak became
evident during the 2nd shearing cycle. For σno=0.56 and 1.1 MPa, the normal stress is
not large enough to affect pronounced asperity contact, hence, the absence of sharp
peaks.
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Figure 6.3 Shear behaviour of Type 1 joint with 6 mm graphite infill (t/a=2.4) for first
and second cycles of shearing: (a) Shear stress, (b) Normal stress and (c) Dilation.
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The associated changes recorded in normal stress and dilation with horizontal
displacement can be summarised in the following way. Irrespective of the value of σno,
the change in normal stress for joints with an infill thickness of 6 mm (t/a=2.4) was
insignificant (Figs. 6.3b). For σno=2.43 MPa, maximum shear stress is accompanied by
a significant peak in dilation, whereas for other normal stresses neither the dilation nor
compression is significant. In Fig. 6.3c, a small overall compression up to 0.05 mm was
observed approximately at 4 mm horizontal displacement at a maximum initial normal
stress of σno=2.43 MPa. The second cycle, however, has shown slightly increased
dilation at the smaller initial normal stress levels (σno=0.56 and 1.1 MPa). This may be
attributed to compressed infill (during the 1st cycle) which may have facilitated more
asperity contact during 2nd shearing cycle.

As expected in the case of high infill thickness i.e., for t/a = 3.6 (Fig. 6.4a), the
shear stress plots for the three corresponding specimens show a more ‘ductile’ response,
with an initial peak attained after a small displacement. This accords with the stressstrain behaviour of compacted graphite discussed earlier in Chapter 4. The first peak is
the infill shear strength, followed by continuous yielding without any asperity
interference. This is the same as shearing a graphite specimen on its own (Fig. 4.17).
The associated normal stress and dilation did not change considerably from the initial
value (Figs. 6.4b and 6.4c). During the second cycle some dilation occurred for higher
normal stress levels, which may be attributed to infill compaction and re-arrangement
during the 1st shearing cycle (Fig. 6.4c).
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Figure 6.4 Shear behaviour of Type 1 joint with 9 mm graphite infill (t/a=3.6) for first
and second cycles of shearing: (a) Shear stress, (b) Normal stress and (c) Dilation.
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These observations confirm that with significantly increased infill thickness
(t/a> 1), shear behaviour is governed by infill alone and the influence of joint asperities
is hardly noticeable. A detailed discussion of Type 2 joints (i =18.50) is given in the
following section because the role of asperities is more prominent in Type 2 than Type
1 joints with the same infill thickness.

6.2.2

Shear behaviour of Type 2 joints (i = 18.50) with graphite infill

The shear behaviour of Type 2 joints which includes twenty four selected tests
are described here in detail. Tests show shear stress against horizontal displacement for
joint specimens having different infill thickness and initial normal stresses (σno). The
graphite infill thicknesses used in these selected tests were 1.5, 3, 6 and 9 mm which
correspond to t/a ratios of 0.3, 0.6, 1.2 and 1.8, respectively. The initial normal stresses
were the same as those applied to Type 1 joints. The forward and reverse shearing
cycles are plotted, up to a 40 mm maximum horizontal displacement in one direction.
Unlike Type 1 joints (i=9.50), the influence of asperities is expected to be much greater
independent of the σno value and t/a ratio.

In Fig. 6.5a, for t/a=0.3, the shear stress begins with a rapid rise within 2-3 mm
of displacement, followed by a gradual increase in shear stress to its peak value. This
shear stress peak coincides with the ‘peak-to-peak’ asperity position but during the
shear process asperities broke significantly due to low infill cover. A rapid reduction in
shear stress follows when the joint slides to the ‘fully-mated’ position. This drop is
abrupt and very much influenced by the frictional properties of infill. As a result the
stress-strain path between maxima-minima is a straight line.
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Compared to Type 1, Type 2 joints at the same infill thickness do not
demonstrate a double peak phenomenon due to inadequate infill thickness. Under these
circumstances, one may consider the presence of a thin infill cover acting merely as a
‘lubricant’ between the very rough joint walls. It is noted that the shear strength of the
Type 2 joint is twice that of Type 1 (Type 1= 1.3 MPa and Type 2- 2.6 MPa). For

σno=0.56 and 1.1 MPa, the extent of asperity breakage was found to be significantly less
than σno=2.43 MPa, upon examining specimens after testing. As expected, peak
intensity in the 2nd shearing cycle is less than the 1st cycle. Moreover, the shear stress
behaviour is more ductile as asperity degradation had taken place during the previous
cycle.

Variations of normal stress and dilation with horizontal displacement are shown
in Figs 6.5b and 6.5c. Similar to previous discussions, maximum normal stress is
attained when the asperities are in a ‘peak-to-peak’ contact position approximately after
12-15 mm shear displacement (Fig. 6.5b). The subsequent drop in normal stress to a
minimum coincides with minimum shear stress when the joint surfaces are in the ‘fullymated’ position after a shear displacement of about 25 mm.

Joint dilation with horizontal (shear) displacement follows a similar trend to
normal stress (Fig. 6.5c), where maximum dilation corresponds to maximum shear
stress and maximum normal stress. Maximum joint compression (up to -0.4mm) is
observed at the ‘fully mated’ position (note that negative dilation is compression).
Dilation continues to occur when the asperities begin to over-ride each other again and
as with Type 1 joints (Section 6.2.1), dilation is less at higher initial normal stresses. In
the second shearing cycle the same trend almost continues apart from a slightly
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increased dilation. This is believed to be caused by the accumulation of strain hardened
infill transferred from the loaded to unloaded zones during the first (forward) cycle now
being reversed, so that at the start of the second (reverse) cycle, the asperities will now
need to over-ride the accumulated and compacted gouge.

In Fig. 6.6a, the shear behaviour of the Type 2 joint with 3 mm infill (t/a=0.6) is
similar to joints with 1.5 mm (t/a=0.3) infill thickness, as described above. However,
the major difference was the occurrence of ‘double peak’ which was absent in the
previous case. As described in Section 6.2.1, the first peak is associated with infill
deformation, whereas the 2nd peak represents maximum asperity interference. For σno =
2.43 MPa, the reverse shearing stage (the second cycle) shows a 10% reduction in peak
shear stress due to some asperity degradation. Although this asperity degradation is
common to both σno=0.56 and 1.1 MPa, no significant reduction in shear strength was
observed during the second shearing cycle. This was mainly due to compacted and
remoulded infill mixed with broken asperities now contributing positively to joint shear
strength. The normal stress and joint dilation are the same as in the case of t/a=0.3.
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Figure 6.5 Shear behaviour of Type 2 joint with 1.5 mm graphite infill (t/a=0.3) for
first and second cycles of shearing: (a) Shear stress, (b) Normal stress and (c) Dilation.
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Figure 6.6 Shear behaviour of Type 2 joint with 3 mm graphite infill (t/a=0.6) for first
and second cycles of shearing: (a) Shear stress, (b) Normal stress and (c) Dilation.

178

Chapter 6

Shear behaviour of graphite infilled joints under CNS

The effect of increased infill thicknesses (t/a=1.2 and 2.4) is shown in Figs. 6.7
and 6.8. In comparison with previous Type 2 joints with t/a=0.3 and 0.6, the shear stress
plots indicate the ‘double peak’ phenomenon. As expected, for t/a=1.2, the second peak
is more prominent (Fig. 6.7a) compared to t/a=2.4 (Fig. 6.8a) in which the thicker infill
cover minimises asperity contact during shear. As with the previous tests, the τmax and

τmin corresponds to asperity ‘peak-to-peak’ contact and ‘fully-mated’ positions,
respectively.

The normal stress variation follows a trend similar to the shear stress plots
whereby maximum and minimum normal stress correspond to maximum and minimum
shear stress, respectively. The existence of thick infill cover indicates significant infill
compression (Figs. 6.7c and 6.8c) compared to Figs. 6.5c and 6.6c, for lower infill
thickness, where dilation was significant. This implies that as the t/a ratio changes from
0.6 to 1.2, a bifurcation from pronounced dilation to significant compression occurs for
Type 2 joints.

Figs. 6.1-6.8 and associated discussions describe the shear behaviour of graphite
infilled joints in detail. As the main focus of this thesis is on graphite infilled joints, a
summary of the shear behaviour of bentonite and clayey sand infilled joints are given in
the following section. Nevertheless, the experimental data from all 3 types of infilled
joints were necessary to calculate the mathematical model of shear strength of infilled
joints, as described later in Chapter 8.
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Figure 6.7 Shear behaviour of Type 2 joint with 6 mm graphite infill (t/a=1.2) for first
and second cycles of shearing: (a) Shear stress, (b) Normal stress and (c) Dilation.

180

Chapter 6

Shear behaviour of graphite infilled joints under CNS

2

Peak 2

Peak 2

Initial Normal Stress σno MPa
σno=2.43 MPa
σno=1.1 MPa

σno=1.1 MPa

1.5

σno=0.56 MPa

σno=0.56 MPa

Peak 1

Shear stress τ MPa

(a)

Initial Normal Stress σno MPa
σno=2.43 MPa

Peak 1

1

0.5

0

First cycle

-0.5

0

10

Second cycle

20

30

Horizontal Displacement mm

40

50

40

30

20

Horizontal Displacement mm

10

0

4

Initial normal stress (σno)

(b)

Initial normal stress (σno)

σno=2.43 MPa

σno=2.43 MPa

σno=1.1 MPa

σno=1.1 MPa
3

Normal stress σn MPa

σno=0.56 MPa

σno=0.56 MPa

2

1

First cycle

Second cycle

0
0

10

20

30

Horizontal displacement mm

40

50

40

30

20

Horizontal displacement mm

10

0

1.5

(c)

Initial normal stress (σno)
1

Initial normal stress (σno)

σno=2.43 MPa

σno=2.43 MPa

σno=1.1 MPa

σno=1.1 MPa

σno=0.56 MPa

σno=0.56 MPa

Dilation mm

0.5

0

-0.5

-1

-1.5

First cycle

Second cycle

-2
0

10

20

30

Horizontal displacement mm

40

50

40

30

20

Horizontal displacement mm

10

0

Figure 6.8 Shear behaviour of Type 2 joint with 9 mm graphite infill (t/a=1.8) for first
and second cycles of shearing: (a) Shear stress, (b) Normal stress and (c) Dilation.
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Shear behaviour of bentonite and clayey sand infilled joints

Figs 6.9-6.12 show the stress-strain and dilation plots for bentonite and clayey
sand infilled joints for both Type 1 and Type 2 profiles. To avoid obvious repetition of
common behavioural patterns similar to graphite infilled joints (Figs. 6.1-6.8), only a
summary of the key differences are given below:

a) The shear strength of bentonite is less than that of clayey sand but greater than
that of graphite. For graphite infilled joints, the maximum compression under

σno = 2.43 MPa corresponded to a post-consolidation void ratio in the vicinity of
0.35. For the same load, the post-consolidation void ratios for bentonite and
clayey sand were in the order of 0.75 and 0.55, respectively. However, graphite
demonstrated a shear strength lower than both bentonite and clayey sand due to
development of internal layering which reduced drastically the internal friction
angle.
b) While graphite and bentonite infill showed ‘double peak’ for t/a=0.6-1.2, clayey
sand did not indicate any double peak effect even at a larger t/a ratio (see Figs.
6.11 and 6.12). This is perhaps due to already increased shear strength of clayey
sand compared to graphite and bentonite resulting from effective consolidation.
The compression of sandy clay is more complete than both graphite and
bentonite due to its wider particle size distribution. Under such conditions
primary peak is not observed instead only maximum shear stress at ‘peak-topeak’ contact position only could be seen.
c) Type 2 clayey sand infilled joints indicate pronounced dilation while the
bentonite infilled joints (Type 2) indicate less dilation. This is not surprising
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because granular infills always demonstrate dilatant behaviour when compacted
compared to a less dilatant response of clayey fills. In this regard, it is not
surprising that only clayey sand showed more dilation in the 2nd cycle, following
compaction during the 1st cycle.
d) Only in Type 2 joints, normal stress and shear stress follow similar trends (Figs.
6.5 and 6.6). As expected in Type 1 joints where the role of infill is significant,
variation in normal stress with displacement is not marked. The occurrence of
maximum peaks (both shear and normal stress) at peak to peak asperity contact,
and minimums at the ‘fully-mated’ position is clearly noted in Type 2 joints
where asperity interference is more important than infill cover. In some
instances the normal stress has shown a value below zero due to rapid slide of
joint to fully mated position where the time required for adjustment of pressures
in the hydraulic system has been slightly greater. This was a limitation in the test
rig. This has no way affected the test results as this is presented for the
completion of the test results whereas prime focus has been the ‘peak shear
stress’.

In reality, large horizontal displacements may bring the infill friction angle
towards its post-peak ultimate (residual) value, thereby decreasing the shear strength of
the infilled joints considerably (Kutter & Rautenberg, 1979). This reduction in postpeak strength is expected to be greater for graphite than bentonite and clayey sand infill.
By conducting a large shear displacement with the aid of cyclic shearing tests,
Indraratna, Welideniya and Brown (2004), have shown that the ultimate value of ϕfill for
graphite plunges to approximately 100 when overly compacted and sheared (polished
surface), while the drop from peak to ultimate is more gradual for bentonite. On the
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other hand, it may be argued that mixing broken asperities with graphite infill may
cause some increase in the apparent shear strength of the blended infill, preventing it
from reaching its ultimate (residual) angle of friction, ϕult.

The role of the t/a ratio on the dilation and normal stress variation for clay
infilled joints has also been discussed by Indraratna et al. (1999) for CNS tests, and by
de Toledo and de Freitas (1993) for conventional direct shear (CNL) tests. It can be
concluded from these studies that the greater the asperity angle and the lower the t/a
ratio, the greater are the maximum shear stress, normal stress, and dilation. For graphite,
bentonite, and clayey sand infilled joints, when the t/a ratio exceeds about three,
dilation is often suppressed during shearing and normal stress barely changes from the
initial value of σno.

At lower values of σno, infill thickness plays a greater role whereas with
increasing σno, the influence of asperities becomes increasingly more pronounced even
if the infill thickness is increased. Irrespective of infill thickness, the findings of this
study confirm that when joints attain maximum normal stress, the corresponding shear
stress is also close to a maximum. However, the extent of dilation/compression depends
on the infill thickness (t/a ratio) and the level of initial normal stress, σno.
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Figure 6.9 Shear behaviour of Type 1 joint with 3 mm thick bentonite infill (t/a=0.6):
(a) Shear stress, (b) Normal stress and (c) Dilation.
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Figure 6.10 Shear behaviour of Type 2 joint with 6 mm thick bentonite infill (t/a=1.2):
(a) Shear stress, (b) Normal stress and (c) Dilation.
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Figure 6.11 Shear behaviour of Type 1 joint with 1.5-6 mm clayey sand infill (t/a=0.32.4) for first and second cycles of shearing: (a) Shear stress, (b) Normal stress and (c)
Dilation.
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Figure 6.12 Shear behaviour of Type 2 joint with 1.5-9 mm clayey sand infill (t/a=0.31.8) for first and second cycles of shearing: (a) Shear stress, (b) Normal stress and (c)
Dilation.
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General effects of the t/a ratio and the initial normal stress (σno)

Observations made in this study show that, for the same infill thickness at low
σno (0.56-1.1 MPa), infill plays a greater role whereas at higher σno (e.g. 2.43 MPa),
asperity interference is more pronounced. When the joints experience maximum normal
stress, irrespective of infill thickness, the corresponding shear stress also becomes a
maximum. At low fill thickness (t/a around 1.0 or less), the potential shear (failure)
plane tends to intersect the rock asperities; but if normal stress is small, the maximum
shear stress may not be large enough to shear the asperities and the joint will dilate
during asperity over-riding. At higher σno values, the corresponding shear stress may
break the asperities, resulting in a near horizontal shear plane on which minimum
dilation occurs. In the subsequent shearing cycles, asperity degradation (breakage and
smoothing) and continued infill straining may produce reduced peaks (compared to the
1st cycle), less irregularities, and increased ‘ductility’ of the shear stress plots.

Large infill thickness (t/a>>1) negates the role of asperity ‘interference’,
allowing the shear plane to propagate through the infill irrespective of the normal stress
level. During shearing, the infill material above the failure plane will be squeezed from
the stressed side into the void created in the unloaded side of the joint, causing a further
increase in joint shear strength (de Toledo & de Freitas, 1993). In the present study it
was also observed that as soon as the ‘peak-to-peak’ contact position approached, it
became harder to squeeze the strain-hardened infill into the unloaded zone which
produced an apparent sharp rise in the pre-peak shear stress (for example see Figs 6.6a
and 6.7a).
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6. 3 THE EFFECT OF INFILL THICKNESS AND CRITICAL (t/a) RATIO ON
SHEAR BEHAVIOUR

An increasing infill thickness gradually reduces the joint shear strength, a
phenomenon common to all infilled joints independent of infill type. The rate of
strength reduction depends on the internal friction angle of the infill and the asperity
angle. The lower the friction angle the more rapid is the decrease in shear strength than
infill with a higher friction angle. The overall drop in strength is a combined effect of
the asperity angle and the infill friction angle. This decrease in strength with increasing
infill thickness ultimately stabilises, and beyond a critical t/a ratio no further strength
reduction is observed. This is called the critical t/a ratio (Figs. 6.13 to 6.17). At this t/a
ratio joint strength becomes equal to the strength of the infill material. The critical t/a
ratio for the same infill material is dependent on the asperity angle; the greater the
asperity angle the larger the critical t/a ratio. The critical t/a ratios for graphite,
bentonite, and clayey sand derived from experimental procedures are given in Table 6.1.

Table 6.1 Critical t/a ratio for different infill types.
Type of infill
graphite

Critical t/a (ϕfill=210)
ratio
bentonite
(ϕfill=250)
(t/a)cr
clayey sand
(ϕfill=300)

Type 1
i = 9.50
(a = 2.5 mm)
1.2

Type 2
i = 18.50
(a = 5 mm)
1.4

1.5

1.8

1.4

1.6

Note: ‘ t’ is infill thickness and ‘a’ is asperity height and ‘i’ is the asperity angle
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Figure 6.13 Variation of peak shear stress vs. t/a ratio for Type 1 joints with bentonite
infill.
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Figure 6.14 Variation of peak shear stress vs. t/a ratio for Type 2 joints with bentonite
infill.
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Figure 6.15 Variation of peak shear stress vs. t/a ratio for Type 1 joints with graphite
infill.
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Figure 6.16 Variation of peak shear stress vs. t/a ratio for Type 2 joints with graphite
infill.
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Figure 6.17 Variation of peak shear stress of clayey sand infilled joints with t/a ratio:
(a) Type 1 joint and (b) Type 2 joint.

6. 4 STRENGTH ENVELOPE

6.4.1

Strength envelope of Type 1 joints (i = 9.50)

The strength envelopes constructed under CNS conditions for graphite,
bentonite and clayey sand infill are given in Figs. 6.18-6.25. For high infill thickness
(t/a=3.6), the strength envelope is linear. For lower t/a ratios asperity interference
makes the strength envelope bi-linear. The addition of a thin infill layer of 1.5 mm
(t/a=0.3) has reduced the apparent friction angle of a clean joint (φj) by 170, irrespective
of infill type. A further reduction in shear strength with increasing t/a ratio is mainly
caused by infill type. Graphite infilled joints have shown a considerable reduction in
joint apparent friction angle, from φj clean=620 to φj.infill=180 (Fig. 6.18), which is slightly
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less than the peak friction angle of graphite (φfill=210). It is always possible for the
mobilised friction angle to be less than peak value after significant shearing. However
under CNS conditions σn changes during shearing and at low infill thickness asperity
profile plays an enhanced role thus increasing peak σn at peak τs. Under such conditions
friction angle may be considered as mobilised friction angle which is less than the
apparent friction angle. Strength envelope at mobilised normal stress (σn) does not show
any bi-linearity. The addition of a thin infill layer of 1.5 mm (t/a=0.3) has reduced the
mobilised friction angle of a clean joint (φj) by 100. A further reduction in shear strength
is attributed to increasing t/a ratio. Mobilised friction angle graphite infilled joints have
shown a 230 reduction for t/a ratio of 3.6, from φj clean=410 to φj.infill=180 (Fig. 6.19).

It is important to note that in the laboratory, the applied horizontal displacement,
even after two shearing cycles is not large enough to bring the infill strength to its
residual value. Therefore, one may expect the ultimate (minimum) mobilised friction
angle to be either close to the φpeak of infill or slightly below. In the field, where
displacements of discontinuities are many factors larger than under laboratory
conditions (e.g. after several metres of movement), the ultimate infilled joint shear
strength is expected to approach its true residual value (e.g. in landslip areas or active
fault plane regions).

Similarly, the introduction of bentonite infill with t/a=0.6 has reduced the
apparent friction angle from φj clean=620 to 450 (Fig. 6.20). Increased of infill thickness
from 1.5 mm to 9 mm (t/a=0.6 to 3.6) has reduced the joint apparent friction angle by a
further 210 to its ultimate value of 240 which is very close to the peak friction angle of
bentonite (ϕfill=250). Compared to other infill types, clayey sand has been less adversely
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affected because of its higher friction angle. For instance, by increasing the t/a ratio
from 0.2 to 2.4, the reduction in the joint apparent friction angle is only 160 for clayey
sand infill, and the mobilised friction angle is almost the same as the peak value of 300
(Fig. 6.21). Comprehensive discussion on Laboratory testing of infill material and their
friction angles were given earlier in Chapter 4.
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Figure 6.18 Bi-linear strength envelope for Type 1 joint with graphite infill showing
apparent friction angles.
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Figure 6.19 Peak shear stress vs. mobilised normal stress of Type 1 joints with graphite
infill showing strength envelope and mobilised friction angles.
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Figure 6.20 Bi-linear strength envelope for Type 1 joint with bentonite infill showing
apparent friction angles.
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Figure 6.21 Strength envelope for Type 1 joint with clayey sand infill showing apparent
friction angles.

6.4.2

Strength envelope of Type 2 joints (i = 18.50)

The decrease in apparent friction angle by the addition of infill is greater for
Type 2 than for Type 1 joints. For t/a ratio exceeding the (t/a)cr, the total reduction of
apparent friction angle is as high as 520 for graphite infilled joints (Fig. 6.22). The angle
of friction is further reduced by increasing t/a ratio to 210 (shaded region of Fig. 6.22),
which is close to the ϕpeak of graphite. Again, for high infill thickness (t/a=2.4), the
strength envelope becomes the same as graphite (i.e. linear, ϕfill=210). Similar to what is
described in Section 6.4.2, σn changes during shearing for Type 2 joints under CNS
conditions. At low infill thickness σn at peak τs, will be greater than σno. Strength
envelope of Type 2 joints does not show any bi-linearity against mobilised normal stress
(σn). The addition of a thin infill layer of 1.5 mm (t/a=0.3) has reduced the mobilised
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friction angle of a clean joint (φj) by 100. Here as well any further reduction in shear
strength is attributed to increasing t/a ratio. Graphite infilled joints have shown a 320
reduction in joint mobilised friction angle, from

φj clean=520 to φj.infill=200 (Fig. 6.23).

Fig. 6.24 shows the decay in ϕfill with increasing t/a ratio at various normal
stress levels. It is noted that regrettably, the applied σno is not high enough to decrease
the bi-linearity of the strength envelopes for t/a ratios varying from 0.3 to 1.8. The
reduction in apparent friction angle seems to be similar to graphite for low stresses,
except that the ultimate mobilised friction angle for t/a ratio of 1.8 is 250, which is very
similar to the ϕpeak of bentonite.

The effect of increasing thickness of clayey sand infill is shown in Fig. 6.25.
Compared to bentonite and graphite, the initial reduction of the apparent friction angle
is 130, while the ultimate friction angle at t/a=2.4, is as high as 300. This is expected of a
infill such as clayey sand characterised with a ϕpeak of 300. Again it is noted that the bilinearity of the strength envelope is absent because testing was not done at elevated σno
values.
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Figure 6.22 Bi-linear strength envelope for Type 2 joint with graphite infill showing
apparent friction angles.
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Figure 6.23 Peak shear stress vs. mobilised normal stress of Type 2 joints with graphite
infill showing strength envelope and mobilised friction angles.
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Figure 6.24 Strength envelope for Type 2 joint with bentonite infill showing apparent
friction angles.
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Figure 6.25 Strength envelope for Type 2 joint with clayey sand infill showing apparent
friction angles.
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6. 5 SUMMARY
Three types of infill were tested in this research under various initial normal
stress levels for two different joint asperity angles. The shear behaviour of joints under
the influence of these infill types can be summarised as follows:

•

The reduction in joint shear strength due to the addition of infill is dependent on
the combined effect of the asperity angle, the infill friction angle and the t/a
ratio. A smaller asperity angle is easily negated by a smaller t/a ratio compared
to joints having high asperity angles.

•

The critical t/a ratio or (t/a)cr was defined as that t/a ratio beyond which the
maximum shear stress only decreases marginally. From the findings of this
study, it seems that (t/a)cr is a function of the infill type (mineralogy, cohesion
and friction) and the geometric profile of the joint.

•

For t/a<(t/a)cr, the shear response is governed by both infill and asperity profile,
whereas for t/a>(t/a)cr the joint shear behaviour is exclusively a function of infill
shear strength alone. In other words, at high t/a ratio (e.g. 2.4, 3.6 etc), the joint
stress-strain plots are similar to the infill alone.

•

It is noted that under laboratory conditions, the applied horizontal displacement
is not large enough (compared to field conditions) to bring the apparent joint
shear strength to this residual value. This is the reason why the lower bound of
the joint shear strength was often closer to the peak shear strength of infill.

201

Chapter 6

•

Shear behaviour of graphite infilled joints under CNS

At low infill thickness and high σno, asperity degradation is often inevitable
during initial shearing (Appendix B). Therefore the subsequent (2nd cycle)
shearing may become more ductile compared to the previous shearing cycle.
Continued (progressive) shearing may ultimately bring the shear strength of the
joint closer to the strength of the infill alone, as verified by this study. In reality,
one may expect the infilled joints around active fault planes or in landslip areas
to approach the residual shear strength of the infill. The drop in value of the
apparent friction angle for a given increase of t/a ratio seems to be greater for
graphite and bentonite than for clayey sand. This clearly implies the favourable
effect of granular infill within a joint than a clayey infill. In real life one may
expect that joints in a typical sandstone rock mass filled with sandy medium to
be more stable than gneissic rock discontinuity filled with a medium like
graphite.

•

In all circumstances, the apparent friction angle of an infilled joint is always less
than an unfilled joint, for both CNS and CNL. An increasing infill thickness will
ultimately bring the overall joint strength to that of infill and in this situation, the
shear plane will always propagate through the fill alone.

•

Mobilised friction angle of an infilled joint (graphite) is always less than the
apparent friction angle of the same joint. However at increasing t/a ratio the
values of mobilised and apparent friction angles become closer to each other.
The mobilsed friction angle of Type 1 and 2 joints under CNS is greater than
that of CNL.
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CHAPTER 7

7

TRIAXIAL TESTING OF JOINTED SPECIMENS

7. 1 INTRODUCTION

The design of underground excavations is based on the engineering properties of
rock mass. In any underground construction a clear understanding of how rock mass
deforms during an excavation is crucial. Deformation of rock joints depends on the
confining stress which varies with the overburden depth to the excavation. The
behaviour of rock under higher confining pressures ceases to be brittle as the brittleductile transition is reached (Barton, 1976). Expressions were derived which quantify
this condition and explain the variable transition behaviour of rocks as dissimilar as
limestone and shale (Jaeger, 1959; Krsmanovic & Langof, 1964; Lane & Heck, 1964;
Patton, 1966 and Byerlee, 1967). At still higher confining pressures, the Mohr
envelopes describing the failure of intact rock eventually reach zero gradient, on
crossing a line defined as the “critical state line”. This critical state is associated with
the critical affective confining pressure for each rock. It appears that the dilation
normally associated with shearing of non-planar joints and faults may be completely
suppressed if the applied stress reaches the level of critical affective confining pressure
(Barton, 1976). As Asef and Reddish (2002) stated, deformation of the rock mass is
governed by the engineering properties of the host rock, which in turn depend on the
strength and stiffness properties of the jointed rock mass.
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Most of these joints are naturally filled with various foreign materials as well as
carrying weathered or residual deposits of the parent rock mass, as described in Chapter
1. Laboratory studies on rock joints under triaxial loading have been carried out to
quantify the affect of confining stress on rock joint deformation modulus (Asef and
Reddish, 2002; Rosso, 1976). Shear strength response of jointed rock was also studied
by Ramamurthy (2001) who found that the compressive strength of jointed rock can be
linked to intact rock through a joint factor, Jf. This joint factor accounts for the influence
of joint frequency, inclination, and shear strength along the joint. Slope failure in a
phosphate mine along a clay filled bedding plane was evaluated by Hatzor and Levin,
(1997) using multiple stage triaxial testing on inclined, clay filled discontinuities
subjected to different levels of hydrostatic compression. Moore et al., (1989) studied the
affect of various infill textural styles on joint sliding under triaxial compression. Sinha
and Singh, (2000) carried out a comprehensive study on the shear behaviour of rock
joints filled with gouge under triaxial conditions and developed laboratory techniques
for testing infilled joints with varying angles of orientation. This study gave an insight
into estimating slope stability under seismic loading where a rise in pore water pressure
significantly influences the effective shear strength of the joint. These previous
investigations have shown that the shear strength and modulus of rock joint deformation
depends on the type of infill, the underground confinement, and joint orientation.

In reality, the stability of underground graphite mines is affected by the
thickness of graphite infill found in rock joints (split veins), their orientation and the
depth of occurrence (confining stress). The cemented nature of graphite joints are
disturbed when excavations re-distribute the stresses and hence, these disturbed joints
are highly unstable and have low shear strength. Triaxial testing of infilled joints was
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carried out to investigate the impact of joint infill, their orientation, and confining stress
on the shear behaviour of joints, with a special emphasis on graphite infilled joints.

7. 2 THEORETICAL BACKGROUND
A plane of weakness has a limiting shear strength (τs) defined by the Coulomb
criterion (Equation 7.1, Brady and Brown, 1994; Jaeger and Cook, 1979).

τ s = c w + σ n tan φ w

(7.1)

where, τs is shear strength of the weakness plane; σn is normal stress on the plane of
weakness; φw is the internal friction angle of the weakness plane and cw is the apparent
cohesion of the plane of weakness.

Slip on the weakness plane occurs when the applied shear stress exceeds the shear
strength:

σ n = 1 / 2 (σ 1 + σ 3 ) + 1 / 2(σ 1 − σ 3 ) cos 2β

(7.2)

τ = 1 / 2(σ 1 − σ 3 ) sin 2β

(7.3)

Criterion for the slip on the weakness plane is given by:

σ1 − σ 3 =

2(cw + σ 3 tan φw )
(1 − tan φw cot β )sin 2β

(7.4)

Minimum shear strength occurs when,
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tan 2β = − cot φw

β=

π
4

+

(7.5a)

φw

(7.5b)

2

where, σ1 - major principal stress, σ3 - confining stress (minor principal stress), τ - shear
strength of the plane of weakness, β - angle of the weakness plane with the minor
principal stress (Fig. 7.1), cw - cohesion of the weakness plane.

It is also possible to relate the shear strength of a joint plane with the joint
stiffness and displacement by the following equations (Rosso, 1976). Average normal
and shear joint displacements (dn and ds) can be written as follows:



σ 
d n =  ε 1 L − 1 L  − (ε 3 − ε 2 ) D tan β  cos β
E




ds =

(ε 3 − ε 2 ) D + d n sin β
cos β

(7.6)

(7.7)

Joint shear (κn) and normal stiffness (κs) are given by:
K s= τ / d s

(7.8)

K n =σ n / d n

(7.9)

Shear (τ) and normal (σn) stresses are:
τ = (σ 1 − σ 3 ) sin β cos β

(7.10)

σ n = σ 3 + (σ1 − σ 3 ) cos2 β

(7.11)

where, β is angle between the joint surface and the minor principal stress, dn and ds are
normal and shear joint displacements; E is elastic modulus determined from a intact
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specimen; ε1 , ε2 and ε3 are axial, small transverse and large transverse strains; D is
sample diameter and L is sample length (Fig. 7.1).

Shear strength can be calculated using Equation (7.3) for anisotropic rock and
Equation (7.10) for jointed rock. Furthermore, with the aid of the above given
equations, joint displacements dn and ds (Equations 7.6 and 7.7), their shear and normal
stiffness (Equations 7.8 and 7.9) and the orientation of the failure plane of intact rock at
which the minimum shear strength occurs (Equation 7.5a) can also be established.
Equations (7.2) and (7.11) define normal stress acting on the failure plane at the time of
failure for isotropic and anisotropic rock material, respectively.

The axial stress vs axial strain for a range of confining stresses, joint orientations
and infill thicknesses and also the ratio of peak σ1/σ3 vs joint orientation for a range of
infill thicknesses and confining stresses will be plotted. The resulting curves will be
mathematically modeled for best-fit curves to predict their shear behaviour. Equation
(7.10) will be used to calculate the shear strength at failure, to which the relevant data
from the plots of axial stress vs axial strain will be substituted.
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7. 3 RESEARCH METHODOLOGY

Graphite found in joints as split
veins or minor veins usually have low
shear strength and frictional properties.
L

These joints have different orientations

β

within a spectrum of 00-800 and they
could be represented in the laboratory by
cutting rock cores at a specific angle.
Rock cores 54 mm diameter have been

D

Figure 7.1 Rock joint with a plane of

prepared in accordance with ISRM

weakness β with the minor principal standards for triaxial testing of infilled
stress

joints.
Graphite found in joints as split veins or minor veins usually have low shear

strength and frictional properties. These joints have different orientations within a
spectrum of 00-800 and they could be represented in the laboratory by cutting rock cores
at a specific angle Rock cores 54 mm diameter have been prepared in accordance with
ISRM standards for triaxial testing of infilled joints. The joints introduced to the core
specimens were at 5 different angles. The inclined joints were produced by cutting them
at desired angles using a circular saw and specially designed sample holders (Appendix
C). A grinding wheel was used to rough the joint surfaces, to simulate comparable field
conditions (Fig. 7.2 (a) and (b)). Both sides of the joint were roughed up and fixed to
the specially developed sample holder to introduce infill (Fig. 7.3).
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Figure 7.2 Roughened joint specimens; (a) & (b) joint dip with minor principal stress

600 and 150 respectively; (c) joint specimen with infill.

The bottom part of the sample was fixed to the lower part of the sample holder
with two side screws which prevented it from moving away. The upper half of the
specimen was fixed to the upper part of the sample holder, aligned to match the joint,
and then the two side screws were tightened to prevent any movement (Fig. 7.4a). Each
part of the specimen now can move apart freely along the three bars which connect the
upper and lower parts of the sample holder. The upper half of the specimen was moved
almost 15-20 mm apart, and graphite layer (mixed with 5% gypsum plaster to provide
low cohesion and prevent the paste from flaking) was applied to the lower half of the
specimen slightly higher than the required thickness of infill. Then 4 razor balls with a
diameter equal to the infill height were placed inside the infill at the perimeter of the
joint surface. They were then held in position while the upper part of the joint was
pushed down to meet the bottom part of the joint so that excessive infill material was
squeezed out. The infill height being maintained by the four razor balls placed in the
four corners of the lower joint surface. The sample was then left to dry for 2-3 hours in
room temperature. After the joint was dry the four razor balls were removed carefully
and the voids were filled with the same graphite paste. Before the sample was removed
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from the holder a gum tape was wrapped around the joint to ensure its integrity during
handling.

The Hoek cell was used for testing at confining stress levels of above 2 MPa and
the GDS triaxial testing apparatus for confining stresses below 2 MPa. The gum tape
which holds the joint was cut along four equally spaced vertical lines before insertion
into the Hoek cell or the membrane for testing in the GDS triaxial apparatus to prevent
any constraints on joint shear behaviour (Appendix C).

(b)

(a)

Figure 7.3 Sample holder designed at University of Wollongong for the application of

infill to jointed core specimens: (a) Front elevation and plan view of the apparatus and
(b) an image of the sample holder.
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Table 7.1 Joint Parameters and Test Conditions
Infill

Joint angle

Conf. Stress

minor Thickness

(with

No. of tests

σ3 MPa

principal stress β)

mm

00

3, 6

2, 4, 6

6

150

3, 6

2, 4, 6

6

300

3, 6

2, 4, 6

6

45

3, 6

2, 4, 6

6

600

3, 6

2, 4, 6

6

Total number of tests

30

Grand Total (each test repeated for clarity)

60

(b)

(a)

Figure 7.4 Preparation of samples for testing; (a) a jointed core specimen fixed to the

sample holder before application of infill and (b) sample after application of infill
wrapped by tape ready for testing.
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Thirty tests were conducted under triaxial conditions with the testing parameters
given in Table 7.1. To ensure consistency and the reliability of data, each test was
repeated giving a total of more than sixty.

7. 4 RESULTS AND DISCUSSION

The peak normal stress required for shear failure of inclined infilled joints
increased with rising confining stress, independent of joint orientation (β) and infill
thickness. The behaviour of shear strength is a function of infill thickness and joint
orientation (Figs. 7.5 and 7.6). The difference between peak normal stresses observed
for joint orientations β=600 and 300 with 3 and 6 mm infill was insignificant. This was
the result of the joint orientation and infill thickness. Joints with 3 and 6 mm thick infill
at β=150 and σ3=6 MPa showed a noticeable difference between their respective peak
stresses, with higher infill thickness reducing the shear strength. A decrease in total
stress with an increasing joint angle of dip and infill thickness is as expected, which
agrees with real landslides and other slope failures where steep slopes with high
thickness gouge show a reduced safety factor (Hatzor and Levin, 1997).
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6 MPa
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0
5

Axial strain ε%

10

15

Figure 7.5 Axial stress vs axial strain for a joint with β=300, infill thickness 6mm and

σ3= 2, 4 and 6 MPa.
Joints with β=300, low confining stress (2 MPa) and 6 mm infill thickness have
shown an initial elastic deformation up to 2%, and after this stable sliding. With higher
confining stress the same joint has lower elasticity (1% normal strain) followed by
plastic deformation to peak normal stress. Subsequent deformation consisted of
continuous sliding with more unstable stick-slip events. As expected, with increasing
confining stress shear deformation demonstrated a strain hardening affect due to the
infill hardening of the infill (Fig. 7.5).
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Figure 7.6 Axial stress vs axial strain for a joint with β=600, infill thickness 3 mm and

σ3= 2, 4 and 6 MPa.

Joints with higher inclination and low infill thickness reached peak normal stress
at less than 1% normal strain for all levels of confining stress (Fig. 7.6). These joints
demonstrated continuous post-peak sliding with a less violent stick-slip. The influence
of, and the critical role played by confining stress, infill thickness, and joint orientation
on joint shear behaviour was clearly observed in all the tests conducted (Figures 7.5 &
7.6).
The experimental data of axial normal stress vs axial strain of joints with greater
than β=150 orientation demonstrated an acceptable fit to a logarithmic stress-strain
function (Figs. 7.5 and 7.6). The σ1 does not show much of a change after reaching peak
value, which is considered the point of failure. This post-peak strain continues until
rock-to-rock contact occurs, then σ1 starts to increase exponentially.
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Joints with β→00, deviate significantly from the shear behaviour of joints with

β>00 (Figures 7.7 & 7.8). These joints (β→00) showed a characteristic exponential
behaviour from the beginning, and the ‘nick’ seen in the primary gradient of the
stress/strain curve was regarded as the point of joint failure under respective confining
stress. This is followed by continuous sliding until rock-to-rock contact occurs, at which
a dramatic change in the stress-strain gradient is seen. The gradient of the stress-strain
plot before and after rock-to-rock contact is considered as primary and secondary
gradients respectively. It could also be seen that increasing confining stress increases
these gradients, and the higher infill thickness was greatly affected by the changing
confining stress (Figures 7.7 and 7.8).

40

Axial stress σ MPa

30

4 MPa

20

C
10

6 MPa

2 MPa

C
C
C- point of asperity contact

0
0.5

1

1.5

Axial strain ε %

2

2.5

Figure 7.7 Axial stress vs axial strain for a joint with β→00, infill thickness 3 mm and

σ3= 2, 4 and 6 MPa.
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Figure 7.8 Axial stress vs axial strain for a joint with β→00, infill thickness 6 mm and

σ3= 2, 4 and 6 MPa.
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Figure 7.9 Ratio σ1 / σ3 vs orientation angle (β) at 3mm and 6mm thick infill.
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Although joint shear strength is usually expected to increase with higher
confining stress, at a certain joint inclination an increase in confining pressure leads to
reduced shear strength (Fig. 7.10).

Joints with 3 mm thick infill show a higher

dependence (greater variation) on joint inclination and confining stress than joints with
6 mm infill (Fig. 7.10). The affect of confining stress diminishes beyond 300 joint
inclination for both infill thicknesses tested, however, the lowest shear strength was
observed at 300<β<400. Beyond this, shear strength was less affected by infill thickness,
joint orientation, and confining stress.

2.5
Confining stress σ3
σ3=2 MPa at 3mm infill
σ3=4 MPa at 3mm infill

2

σ3=6 MPa at 3mm infill

Shear strength τ MPa

σ3=2 MPa at 6mm infill
σ3=4 MPa at 6mm infill
σ3=6 MPa at 6mm infill

1.5

1

β

0.5

0
10

20

30

40

50

60

Orientation angle β

70

80

90

Figure 7.10 Joint shear strength (τ) vs joint orientation angle (β) at 3 mm and 6 mm

infill.
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7. 5 CONCLUSIONS

Many previous researchers studied the individual effect of a number of
parameters which influence joint shear behaviour. Of those studied, joint roughness,
joint inclination and confinement have attracted more interest, as was described at the
beginning of this chapter. However, this study has made an effort to further this
knowledge by introducing infill into joint shear behaviour. The rock mass strength
weakened by joints is further deteriorated by placing infill into the joints. As a result of
this study it became clear that confining stress, infill thickness, and joint inclination are
factors which characterise joint shear strength and the deformation modulus of rock
mass.

An increase of infill thickness of joints greater than β=300 does not change its
shear behaviour very much. Whenever the joint has a thick infill joint inclination
diminishes and the shear strength of infill material and the coefficient of friction at
fill/joint wall boundary play a more important role in determining joint shear strength. It
was noted that the shear strength of inclined joints (β>00) is much less than infill alone
(graphite). This was caused by low friction between the fill and the joint wall which
initiated shearing at joint/fill interface. Furthermore, infill under high confining stress
hardened and polished after initial sliding (prior to peak stress) causing an extremely
low friction between the joint wall and the infill. In addition, the stress hardened infill
prevents development of a shear plane through the fill to a certain extent and failure
occurs along the joint/infill interface, demonstrating very low shear strength.
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Savage (1948) found that the layered structure of graphite does not entirely
account for the lubricating affect normally associated with graphite, which drastically
reduces shear strength. It is believed that the water absorbed to the basal plane of
graphite in the form of clumps as isolated receptive sites (Pierce & Smith, 1950) allows
these basal planes to move freely which significantly reduces friction and its
corresponding shear strength. In fact, the peak friction angle of graphite infill is around
210 but the ultimate friction angle is as low as 80.

Two significantly different shear behaviour patterns, logarithmic (Figs. 8.5 and
8.6) and exponential (Figs. 8.7 and 8.8) were observed for joints with an orientation
angle ‘β’ greater than 300 and for those approaching 00 respectively.

Although triaxial testing of inclined infilled rock joints is still not commonly
conducted, a broader programme encompassing wider parameters which influence the
shear behaviour of joints should be executed. No doubt further research findings will
lead to a better understanding of the shear behaviour of jointed rock masses, which will
contribute significantly to the design, construction, and maintenance of surface and
underground rock structures, and for improved safety in high risk environments.
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CHAPTER 8

8

THE DEVELOPMENT OF NEW SHEAR STRENGTH MODEL
FOR INFILLED JOINTS UNDER CONSTANT NORMAL
STIFFNESS CONDITIONS (CNS)

8. 1 THEORETICAL BACKGROUND

In a classic study, Patton (1966) described the shear strength (τ) of rough joints
with regular asperities as:

τ = σ n tan(φ b +i )

(8.1)

where σn is the normal stress, b is the basic friction angle of the joint surface and i is the
asperity angle to the direction of shear force application. Here, and elsewhere in this
Chapter, all stresses are taken to be effective stresses but in the interests of simplicity of
expression the customary prime notation will not be used.

Rock joints found in nature are usually not planar, but have rough and
undulating surfaces. Clearly, shearing a rough, undulating surface has to overcome the
total sliding resistance. Equation (8.1) holds true for low values of normal stress (σn)
where dilation is not restricted. If the normal stress rises above a certain value at which
dilation is inhibited, degradation of asperities occurs and shearing may then take place
across them. In this case, the shear strength criterion must be modified to account for a
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new dilation angle that will be less than the original asperity angle (i). Under Constant
Normal Stiffness (CNS) conditions, there will be an inevitable increase in the applied
normal stress as dilation is constrained by the surrounding rock mass. This is why the
CNS condition is more appropriate for some practical applications than the conventional
direct shear test in which joint shearing is carried under a constant normal load. Under
CNS conditions, and neglecting any asperity breakage, the shear stress developed by a
joint will be a function of the current normal stress at a given horizontal displacement
(σnh), the asperity angle (dilation angle) and the basic friction angle of the joint surface
(φb) as given by:

(8.2)

τ ( h,CNS ) = σ nh tan(φ b + i )

Thus, in underground mining for example, the displacement of rough
discontinuities in a confined environment can be expected to cause an increase in
normal stress which may promote asperity degradation with further shearing. The
dilation under such conditions is expected to be less than the initial asperity angle. This
case has been discussed by Seidel & Haberfield (1995) using energy considerations,
who showed that equation (8.2) maybe re-written to give,

 tan(φ b ) + tan(i ) 

1 − tan(φ b ) tan(i h ) 

τ ( h,CNS ) = (σ no + ∆σ nh ) 

(8.3)

where τ(h.CNS) is the joint shear stress at a horizontal displacement of h, σnh is the
corresponding normal stress, i is the initial asperity angle, ih is the tangent to the dilation
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curve at a horizontal displacement of h under CNS conditions, and σno is the initial
normal stress.

The shear strength of an infilled joint cannot be described by Equation (8.3) as
the properties and thickness of the infill can be expected to reduce the shear strength of
the joint. Previous research carried out on infilled joints has clearly demonstrated a
significant loss in shear strength with increasing t/a ratio (Phien-wej et al., 1990).
Comparison of the shear strengths of clean joints and the drop in strength caused by
infill was the main focus of earlier research carried out by Indraratna et al. (1999) using
a Fourier analysis approach (Equations 8.4 and 8.5). In this approach, the normalised
strength drop of infilled joints (∆τp) was fitted to a hyperbolic decay curve and the
empirical parameters (p and q) were determined assuming that the strength drop is a
hyperbolic function of the t/a ratio, as shown in Equation (8.4b). The shear strength of
the infilled joint was represented as a combination of Fourier functions simulating the
change in normal stress from the initial value of σno and a modification to Equation
(8.3) to represent dilation more accurately:

(τ )
p

where,

= (τ p )clean − ∆τ p

(8.4a)

t a
p×t a + q

(8.4b)

∆τ p = σ no
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2πhτp 
k a

= σ no + n  0 + a1 cos
A
2
T
j 


 tan ϕ b + tan i 
t a
 − σ no

Μ
 1 − tan ϕ tan i 
p×t a + q
b
hp 


(8.5)

In Equation (8.5), hτp and ihp are the horizontal displacement and dilation angle
corresponding to the peak shear stress, respectively, kn is the normal stiffness, i is the
initial asperity angle, σno is the initial normal stress, φb is the basic friction angle, Aj is
the joint surface area, a0 and a1 are Fourier coefficients, T is the period of integration of
the Fourier series, t/a is the infill thickness to asperity height ratio, and p and q are
hyperbolic constants.

Although convenient for predicting shear strength, the major disadvantage of
this model was the need to evaluate in advance the hyperbolic constants for various t/a
ratios and asperity profiles. Moreover, these constants were often found to be sensitive
to the type of infill material present and the hyperbolic fit was not always very accurate
for infill such as graphite (Indraratna and Welideniya, 2003).
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Figure 8.1 Shearing modes of joints with infill: (a) interfering condition where

t/a<(t/a)cr having two possible shear planes ab and a’b’ depending on σno. (b) noninterfering condition, i.e., t/a>(t/a)cr, where the potential shear plane through the fill is
horizontal.
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8. 2 DEVELOPMENT OF A NEW SHEAR STRENGTH MODEL

As shown in Fig. 8.1, propagation of the failure plane can expect to be
influenced by the t/a ratio. When the value of t/a is less than some critical value part of
the failure surface may propagate across the asperities (Fig. 8.1a), but when the t/a ratio
is much greater than unity, the failure plane will remain within the infill itself (Fig.
8.1b). At low normal stresses, when dilation is restricted slightly and the mobilised
shear stress is not large enough to shear the asperities, the failure surface may follow a
wavy pattern (ab) as illustrated in Fig. 8.1(a). At high normal stresses where dilation is
suppressed and a much larger shear stress is generated, the failure surface will usually
be horizontal (a’b’). In the case of small t/a ratios some asperity breakage will be
inevitable, with the subsequent shearing causing the broken asperities to be mixed with
infill which will change the material’s original shearing resistance considerably.

The shear strength of infilled joints can be classified into two major groups on
the basis of the t/a ratio. For joints where the t/a ratio is small, ‘interference’ by
asperities is more pronounced than for joints having high t/a ratios. In the latter case,
shear behaviour is often dictated by the infill. In this respect, the critical t/a ratio is a
function of infill properties and thickness and is defined to separate the ‘interfering’ and
‘non-interfering’ zones, as illustrated in Fig. 8.2. It is expected that different types of
infill will give different critical t/a ratios which will generally exceed unity (Phien-wej,
1990; Indraratna et. al., 1999). Moreover, for different types of joints the critical t/a
ratio will also change with the asperity angle (i), as discussed below. As shown in Fig.
8.2, it is assumed that when the critical t/a ratio is exceeded, joint behaviour becomes a
function of the shear strength of the infill alone.
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Normalised shear strength model

Figure 8.2 shows the conceptual development of the shear strength model of
infilled joints based on two algebraic functions A and B, the summation of which is
assumed to give normalised shear strength (τs/σn) for t/a ratios of less than the critical
value, (t/a)cr. For rough joints without infill t/a = 0, and the normalised shear strength
is equal to tan(φb+i), as proposed by Patton (1966) for clean joints. Asperity made of
gypsum plaster was not subjected to any significant degradation at 0.56 and 1.1 MPa
stress levels. However, it started to break at 2.43 MPa. In progressive shearing friction
angle is expected to reach the value of mobilised friction angle and finally the residual
value. Friction angle is taken as tan(φb+i) for the first cycle according to the model
proposed by Patton (1966). As shown in Fig. 8.2, function A is introduced to model the
decrease in influence of tan(φb+i) term with increasing t/a ratio, while function B
gradually increases the affect of term tan(ϕfill), until (t/a)cr is reached (the α and β
coefficients are greater than unity). At (t/a)cr, function A becomes zero and function B
becomes equal to tan (ϕfill).

Hence for t/a<(t/a)cr in the region of asperity ‘interference’,

A = tan (φ b + i )(1 − κ )

α

 2 

B = tan ϕ fill × 
1+1 κ 

(8.6)

β

(8.7)

 2 
τs
α

= A + B = tan (φb + i ) × (1 − κ ) + tan ϕ fill × 
σn
1+1 κ 
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Interfering

A = tan (φ b + i )(1 − κ )α

t/a<(t/a)cr

 2 

B = tan ϕ fill × 
1+1 κ 

Normalised Shear Strength (τs /σn)

Fully interlocking
tan (φb+i)

β

where, κ=(t/a)/(t/a)cr

Non Interferring
(t/a)>(t/a)cr
A+B
tan ϕfill
B
A

0

t/a ratio

(t/a)critical

Figure 8.2 Shear strength model for infilled joints showing the role of φb and ϕfill.
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where, κ = (t a ) (t a )cr , σn is normal stress, ϕfill is the peak friction angle of the infill, and

α and β are empirical constants defining the geometric locus of the functions A and B.
For t/a>(t/a)cr, in the zone of ‘non-interference’, normalised shear strength is given by
the constant value:
τs
= tan ϕ fill
σn

(8.9)

In both Equations (8.8) and (8.9), any cohesion (cj) of the joints has been
ignored. The cohesion of a natural joint may have to be considered, for example, if
there is joint cementation or a clayey infill, particularly when wet.

Under such

circumstances, the term cj/σn must be added to both Equations referred above. Graphite
is a finely textured silt-like material with no cohesion intercept.

Haque (1999)

demonstrated that commercial bentonite having a moisture content of 15% and sheared
at a slow rate (fully drained) also shows a zero cohesion intercept in its CNS shear
strength envelope. Therefore, within the scope of this study, any cohesion in drained
shearing will be neglected and only infill friction will be considered. It is expected that
with increased infill thickness, the overall friction angle will not only be a function of
the basic friction angle φb, but also a function of the peak friction angle of the infill. The
algebraic summation of A and B is assumed to represent overall shear strength in the
region t/a<(t/a)cr, where α and β are empirical coefficients that must be determined
from the test data for a given infill and joint geometry combination.

The parameter (t/a)cr is defined as the critical value of t/a at which the basic
friction angle (φb) and asperity angle (i) have a negligible affect. Hence, the subsequent
reduction in overall joint shear strength becomes marginal, governed by the term
tan(ϕfill) alone. In other words, the infill thickness is large enough for the shear plane to
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be near horizontal, propagating across the infill alone. The role of asperity geometry in
this ‘non-interfering’ region, becomes totally suppressed by the relatively thick infill
cover. Such behaviour has been observed by Nieto (1974) and de Toledo & de Freitas
(1993). As the t/a ratio becomes even greater at much larger shear displacements, joint
shear strength will be increasingly associated with post-peak stress-strain behaviour of
the infill and the mobilised infill friction angle may approach an ultimate (residual)
value. However, in the current University of Wollongong CNS apparatus where
maximum attainable shear displacement is small (less than 40 mm), the mobilised value
of ϕfill will still be close to its peak value rather than any ultimate or residual value
unless cyclic shearing is carried out. In the field where large shear displacements
exceeding 100 mm can occur (Lupini et al., 1981), a realistic value for ϕfill should be the
post-peak mobilised angle of infill shear resistance at that displacement.

The mathematical formulation presented in Equations (8.6)-(8.9) may be
modified to include strain dependency by varying the mobilised ϕfill between its peak
and ultimate values if the shear strain is known and the ultimate value of ϕfill can be
determined. However, in this study the first cycle in which the CNS shear displacements
were small, the data points typically represent maximum shear stresses corresponding to
the peak infill friction angles. For the second cycle, where the cumulative shear
displacement exceeds 70 mm, it may represent the mobilised friction angle for some
infill types (i.e. graphite).
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Experimental verification of the normalised shear strength model

Three sets of results involving graphite, bentonite, and clayey sand infill have
been considered in the development of the new shear strength model presented here. As
indicated, more than 240 shear tests (including both cycles and repeats) were conducted
on Types 1 and 2 graphite infilled joints. In addition to the test data available from
previous tests for bentonite infill joints (Haque, 1999) a further 16 tests were conducted
to extend this data base. Test series for clayey sand consisted of 20 tests for Type 1 and
2 joint profiles. In this case, the infill thickness was varied from 1-12 mm corresponding
to t/a ratios of 0.3-3.6. The initial normal stress (σno) was varied from 0.3 to 2.42 MPa
under a constant normal stiffness (kn) of 8 kN/mm, corresponding to 453 kPa/mm for a
joint area of approximately 187.5 cm2.

The peak shear stress of infilled joints gradually rises with increasing σno and
asperity angle, as described in Chapter 6. The proposed shear strength criterion for
infilled joints is a relation between peak shear stress normalised by corresponding
normal stress (τs/σn) and the corresponding t/a ratio. Figs. 8.3-8.5 show the variation of

τs/σn with t/a ratio for graphite, bentonite, and clayey sand infills. Irrespective of the
initial normal stress (σno=0.56 to 2.43 MPa), all the laboratory data fall within a narrow
band after normalisation. When the t/a ratio is increased, τs/σn decreases rapidly but
beyond (t/a)cr the decline in τs/σn is marginal. This verifies that beyond (t/a)cr, shear
strength is predominantly a function of the infill properties. Beyond (t/a)cr the
normalised shear strength ratio (τs/σn) approaches the value of tanϕfill.
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It is noted that the ultimate value of τs/σn (when t/a>(t/a)cr) for graphite infilled
joints is slightly less than that of bentonite infilled joints. In Fig. 8.3, for Type 1 joints,
the laboratory data for σno= 2.43 MPa plotted below the ϕfill = 210 reference line. This
phenomenon is described earlier in Chapter 7 where the water adsorbed to the basal
plane of graphite acts as a lubricant. Some previous tests conducted on plane joints (i =
0o) with graphite infill also indicated the same trend because as noted earlier, joints with
t/a>(t/a)cr sheared under high σno, produce a compacted (layered) and oriented
(polished) shear plane, giving a reduced angle of friction (see Fig. 8.6). At elevated
normal stress levels for Type 1 joints (σno = 2.43 MPa), the apparent friction angle of
the joint decreases by up to 20% with a shear strain exceeding 4-5%. However, when
the asperity angle is greater (Type 2 joints with i = 18.50) and the t/a ratios are low, this
decline in the friction angle occurs only at the higher values of σno (see Fig. 8.3b). In
contrast, for bentonite infill, irrespective of the shear stresses permissible in the CNS
apparatus, the apparent friction angle remains relatively unchanged at around 250, as
shown in Fig. 8.4. The tests conducted for clayey sand also confirm that its shear
strength at high infill thickness approaches infill strength where the apparent friction
angle remains 300, which is equal to its peak friction angle (Fig. 8.5). This observation
highlights the unfavourable properties of graphite. A significant reduction in post-peak
shear strength at relatively small shear strains has obvious implications for the stability
of graphite mines.
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Figure 8.3 Variation of normalised shear stress against t/a ratio and the critical t/a

ratio for graphite infilled joints: (a) joint Type 1 and (b) joint Type 2.
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Figure 8.4 Variation of normalised shear stress against t/a ratio and the critical t/a

ratio for bentonite infilled joints: (a) joint Type 1 and (b) joint Type 2.
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Figure 8.5 Variation of normalised shear stress against t/a ratio and the critical t/a for

clayey sand infill joints of Type 1 and 2.

Figure 8.6 Compacted and polished surface of graphite infill in some parts of the

specimen after shearing.
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Calibration of new model with experimental results

The decrease in τs/σn with increasing t/a agrees with the mathematical ‘decay
function’ introduced in Equations (8.6)-(8.9). As noted earlier, the algebraic expression
A represents the decay of maximum joint friction while the term B models the
increasing role of the infill friction angle. The normalised shear strength for t/a<(t/a)cr
is then given by Equation (8.8). For t/a>(t/a)cr, the mathematical model assumes that
normalised shear strength is unchanged, as given by Equation (8.9). The laboratory data
for graphite, bentonite, and clayey sand infill verifies the model for Type 1 and Type 2
joints, as shown by Figs. 8.7, 8.8 and 8.9, respectively.

The value of τs/σn with respect to the t/a ratio varies with infill type and asperity
angle (Figs. 8.7-8.9). Type 1 joints with Graphite infill (Fig. 8.7a), demonstrated a
sharper drop in term ‘A’ and greater dominance of term ‘B’ compared to bentonite
infilled joints (8.8a). The rate of decay of term ‘A’ or tan(φb+i) is greater for Type 2
than Type 1 joints and the increasing influence of term ‘B’ is greater for Type 1 joints
than Type 2. This is mainly due to the significant influence caused by steeper asperities
on shear behaviour. This effect is common for all joints tested independent of infill type
(Figs. 8.7-8.9) and as expected the (t/a)cr ratio for Type 1 is smaller than that for Type 2
joints with the same infill type.
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Figure 8.7 Shear strength model depicting the contribution of A and B components for

graphite infilled joints: (a) Type 1 and (b) Type 2 joints.
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Figure 8.8 Shear strength model depicting the contribution of A and B components for

bentonite infilled joints: (a) Type 1 and (b) Type 2 joints.
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Figure 8.9 Summary of joint types 1 and 2 based on the proposed model for clayey

sand.
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The empirical parameters α and β were determined by multi-regression and are
tabulated in Table 8.1 for three different infill types, together with their respective
critical t/a ratios. As described earlier, the (t/a)cr for Type 2 joints has always been
greater than for Type 1 joints. The empirical coefficients α and β have shown a clear
trend dependent on the infill type and asperity angle. Detailed analysis of this trend is
given in section 8.2.4.

Table 8.1 Empirical constants of the proposed shear strength model.
Joint Type

Type 1
i = 9.50
a = 2.5 mm

Type of infill

(t/a)cr

α

β

graphite

1.2

1.7

1.3

bentonite

1.5

1.2

1.4

clayey sand

1.4

1.1

2.5

graphite

1.4

1.5

2.2

bentonite

1.8

1.1

3.1

clayey sand

1.6

1.1

4.4

(ϕfill=210)
(ϕfill=250)
(ϕfill=300)

Type 2
i = 18.50
a = 5 mm

(ϕfill=210)
(ϕfill=250)
(ϕfill=300)

Note:

 2 
τs
α

= A + B = tan (φ b + i )× (1 − κ ) + tan ϕ fill × 
σn
 1+1 κ 
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8.2.4 Change in normal stress during CNS shearing

Unlike conventional direct shear in which normal stress is held constant, the
normal stress (σn) corresponding to peak shear stress changes with horizontal
displacement in CNS shearing, and its magnitude is affected by joint dilation or
compression. As shown in Figs. 8.10-8.12, an increase in σn is more significant at
smaller t/a ratios and at lower values of σno. Beyond (t/a)cr, where asperity influence is
diminished because of infill, σn remains relatively unchanged from the initial value
during shearing, i.e. the ratio (σn/σno) approaches unity.

Variation of the σn/σno ratio with increasing t/a takes the form:

σn  2 
=

σ no  1 + κ 

γ

(8.10)

where κ is the ratio, (t/a)/(t/a)cr , and γ is an empirical parameter that depends on the
initial normal stress. After (t/a)cr is exceeded (i.e. κ > 1), the value of γ approaches
zero.

The relation given by Equation (8.10) is useful if the initial normal stress

conditions are known so that σn can be conveniently replaced by σno in Equations (8.8)(8.9).
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Figure 8.10 Variation of σn / σno with increasing t/a ratio for grahite infilled joints: (a)

Type 1 and (b) Type 2.
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Figure 8.11 Variation of σn / σno with increasing t/a ratio for bentonite infilled joints:
(a) Type 1 and (b) Type 2.
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Figure 8.12 Variation of σn / σno with increasing t/a ratio for clayey sand infilled joints

of Type 1 and Type 2.

8. 3 PRACTICAL IMPLICATIONS

The CNS strength envelope for a given joint falls below the direct shear CNL
envelope for all t/a ratios on effective stress plots. Consequently, in many practical
situations (e.g. some jointed rock slopes, underground excavations, rock bolts and rock
socketed piles), shear strength parameters derived from the CNS envelope will give a
more realistic (smaller) safety factor in stability analysis than those arising from CNL
testing. The normalised shear strength model developed in this study enables the
determination of CNS shear strength for any t/a ratio for a given infill-joint profile
combination, as long as the empirical coefficients α and β are evaluated by laboratory
testing for a known constant normal stiffness. As the magnitude of the initial normal
stress (σno) is determined by the state of stress existing in the given application, CNS
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testing needs to be conducted at the relevant stress levels. Equations (8.8) and (8.10)
with an appropriate value of γ can be used to determine the shear strength developed for
a given value of σno.

As required by Equations (8.6)-(8.9), the independent values of the basic friction
angle of joint (φb) and infill friction angle (ϕfill) are easily determined in the laboratory if
estimates cannot be made from the literature available. Using these values with an
appropriate set of empirical values (α, β) such as those given in Table 8.1 for three
types of infilled joints, shear strength (τs) can be estimated for an assumed t/a ratio and
initial normal stress. For a given problem such as a jointed slope or a wedge sliding
underground, the CNS safety factor can then be calculated using established procedures
(e.g. Brady & Brown, 1993; Priest, 1993 and Appendix D). Figure 8.14 shows a
flowchart summarising the conceptual development of the new normalised shear
strength model.

8. 4 SUMMARY

A graphical summary of the shear strength model results are given in Fig. 8.13.
Note that with an increased asperity angle, the critical ratio (t/a)cr increases for the same
infill type. For Type 2 joints, (t/a)cr is slightly greater than Type 1 joints. It seems that
the (t/a)cr ratio has no distinct relationship with the value of ϕfill based on the three types
of infill (Table 8.1). The magnitudes of α and β are characteristic of a given joint
geometry-infill combination under CNS conditions. In Table 8.1, they correspond to
texturally different infill materials: (i) a low friction, granular fill (graphite); (ii) a clay
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fill (bentonite) and (iii) a clayey sand. While the α values for Type 2 joints are slightly
less than or almost equal to Type 1 joints for the same infill, the β values are
substantially higher than Type 1 values (Table 8.1). For other types of infill in Types 1
or 2 joints, it may be possible to obtain rough estimates of (α, β) by interpolation
between the values given in Table 8.1. Nevertheless, for a practical application, further
testing is necessary to develop a more comprehensive database to cover a larger array of
infill-joint combinations.

In the proposed model, fully drained conditions with no pore pressure build-up
in the infill as well as negligible infill cohesion have been assumed. For commercial
bentonite and graphite prepared at initial moisture contents of less than 20%,
consolidated-drained shear tests confirmed that the cohesion intercept of both fills is
almost zero, therefore, the mathematical model developed here is appropriate for all the
infill types considered in this study.

Finally, this study has examined the shear strength of graphite, bentonite, and
clayey sand infilled joints for two different triangular model joint types (i=9.50 and
18.50) with varying infill thickness tested under Constant Normal Stiffness (CNS)
conditions for four initial normal stress levels (σno=0.3-2.43 MPa). The results highlight
the influence of the infill thickness to asperity height ratio (t/a) in reducing shear
strength from the maximum value associated with clean rough joints. The experimental
results for graphite, bentonite, and clayey sand infilled joints verify that at high infill
thicknesses exceeding a critical t/a ratio, asperity influence is suppressed and shear
behaviour is mainly influenced by the infill. In this case, dilation is insignificant and

245

Chapter 8

New shear strength model for infilled joints under CNS

Shear Strength Model
(Graphite)
Joint Type 1
Joint Type 2
1.5

α=1.5 ; β=2.2
α=1.7 ; β=1.3

(t/a)crit=1.4

(t/a)crit=1.2

1

Type 2

0.5

Type 1

Normalised Shear strength (τs / σ n)

2

0
0.5

1

1.5

2

t/a ratio

2.5

3

3.5

4

(a)

Shear Strength Model
(Bentonite)
Joint Type 1
Joint Type 2
1.5

α=1.1 ; β=3.1

(t/a)crit=1.8
Joint Type 2

1

(t/a)crit=1.5

α=1.2 ; β=1.4

Joint Type 1

Normalised Shear strength (τs / σn)

2

0.5

0
0.5

1

1.5

t/a ratio

(b)

246

2

2.5

3

Chapter 8

New shear strength model for infilled joints under CNS

Shear Strength Model
(Clayey sand)
Joint Type 1
Joint Type 2
1.5
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Figure 8.13 Summary of joint types 1 and 2 based on the proposed shear strength

model: (a) graphite infill, (b) bentonite infill and (c) clayey sand.

there is minimal variation of normal stress with shear displacement from the initial
value σno.
The increase in asperity angle from 9.50 to 18.50 for the same infill thickness
(reducing the t/a ratio) produced three interesting observations:

(a) increased shear stress and dilation for the same initial normal stress σno ;
(b) a more pronounced occurrence of two peaks, the first corresponding to the
shear strength of the infill and the second representing asperity interference;
and
(c) after the second peak, a sharper drop to minimum shear stress associated
with the asperities sliding down to the ‘fully-mated’ position.
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A new shear strength model was proposed to represent the variation in
normalised shear stress (τs/σn) with the t/a ratio for infilled joints, neglecting any infill
cohesion. For graphite, commercial bentonite and clayey sand, the cohesion intercept
was almost zero under drained shearing and therefore, only the frictional properties of
joint surface and infill were considered. The model explains the decrease in shear
strength with increasing t/a ratio, and highlights the role of the critical t/a ratio beyond
which no further reduction in shear strength occurs. In the region of ‘interference’ by
asperities (0<t/a<(t/a)cr), the model postulates the decay of shear strength from
maximum value (no infill) associated with the term tan(φb + i) via an algebraic
expression A, and the increasing affect of infill friction via another expression B. The
normalised shear strength is given by the summation A + B. For infill thicknesses
exceeding (t/a)cr, the normalised shear strength (τs/σn) remains unchanged at tanϕfill.

Although the proposed model has been validated for graphite, bentonite, and
clayey sand infilled joints, further testing of other infill-joint geometry combinations is
recommended to establish a more comprehensive database for field applications. The
proposed shear strength model may be applied to rock engineering problems in practice
once the relevant parameters (α, β) have been evaluated in the laboratory for
representative infilled joints.
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Infilled Joints

CNS testing for an array
of infill thickness and
initial normal stresses for
various joint profiles
(σno and t/a ratios)
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Asperity height (a)
Basic friction angle (φb)

Infill properties
Internal friction angle (ϕfill)

Experimental data
Plot of Normalized shear strength
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Figure 8.14 Flowchart showing the conceptual approach of proposed shear strength

model for infilled joints.
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CHAPTER 9

9

CONCLUSIONS AND RECOMMENDATIONS

9. 1 SYNTHESIS OF THE STUDY

Numerous research programmes conducted in the past have contributed
significantly to the understanding of jointed rock mass strength and its deformability,
the knowledge of which is crucial for mining and any underground construction as well
as large scale foundations such as dams. The findings of this study expand current state
of knowledge of infilled joint shear strength and the shear deformation of rock joints in
general. The conceptual development of the proposed shear strength model is based on a
simple hypothesis which represents actual mechanisms observed in the field related to
the fundamental properties of asperities, infill thickness, and the friction angle of infill.
The pertinent empirical coefficients are dependent on the critical t/a ratio, joint basic
friction angle, and the infill friction angle.

In addition to the main research component involving the study of infilled joint
shear behaviour under CNS conditions, two other avenues were also pursued, namely
(a) CNL testing and (b) triaxial testing of inclined infilled joints. In both CNS and CNL
conditions, the effects of decomposing joint surfaces and infill remoulding were
investigated through forward and reverse cyclic shearing.
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9. 2 SHEAR BEHAVIOUR OF INFILLED JOINTS UNDER TRIAXIAL, CNL
AND CNS CONDITIONS

9.2.1

Behaviour of joints with graphite under triaxial conditions

Increasing infill thickness has a negative effect on joint shear strength but with
low infill thickness one can expect a higher strength than the infill alone. However, the
experimental findings confirm that if the joint orientation drifts away from the
horizontal, even with a small infill thickness, joint shear strength can become less than
that of infill alone. At a higher joint orientation, shear strength at a different t/a ratio and
confining stress converge to a ‘narrow band’, signifying the dominant role played by
joint orientation over confining stress (Fig. 7.10). Under these circumstances, the
significant reduction in joint shear strength verified shearing at the joint infill interface
where the coefficient of friction at fill/joint wall boundary begins to play a more
important role in the magnitude of joint shear strength (Section 7.5). As expected, the
increasing confining stress has augmented the joint shear strength at joint orientations
less than 200 whereas at higher orientations, both the increasing infill thickness and
confining stress assumed a less significant role (Fig. 7.10). At a higher confining stress,
the deformation modulus of rock mass also increases, especially for joint orientations
less than 200. As discussed in Chapter 7 (Section 7.5), two different shear behaviour
patterns, logarithmic and exponential, were observed, which are based on joint angle
(i.e. ‘β’>300 and for those ‘β’ approaching 00 respectively).
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Shear behaviour of graphite infilled joints under CNL conditions

The graphite infill decreases the shear strength of clean joints of Types 1 and 2
by more than 50% (Section 5.5).

•

If the t/a ratio is less than critical, a high normal stress (σn) influences shear
behaviour of Type 2 more than Type 1 joints. Irrespective of joint type an
increased t/a ratio above the critical value significantly decreases joint shear
strength towards the infill alone (Sections 5.4.1 and 5.4.2).

•

During shearing, one can expect an ‘undulating’ variation of shear stress
characterised by peaks and troughs. The occurrence of maximum stress is due to
the ‘peak-to-peak’ (overriding) position of asperities whereas the ‘sharp drop’ in
shear stress is attributed to asperities sliding to the ‘fully mated’ position (Figs.
5.2 and 5.5).

•

As observed by others (e.g. de Toledo & de Freitas, 1993) the double peak
phenomenon was observed when testing graphite infilled joints as well. The 1st
peak of shear stress at a small displacement represents infill shear strength and
the 2nd peak in shear stress represents asperity interaction, especially where the
(t/a) ratio is small (Figs.5.5-5.7).
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Shear behaviour of graphite infilled joints under CNS conditions

The reduction of joint shear strength due to the addition of infill is dependent on
the combined effect of the asperity angle and infill friction angle. For example,
the shear strength of joints with a smaller asperity angle (Type 1) is influenced
more by the infill friction angle because the basic friction angle of unfilled joint
is small compared to Type 2 (Sections 6.4.1 and 6.4.2). Model development
based on these observations is outlined in Chapter 8.

•

The (t/a)cr is a function of infill shear strength, applied normal stress, and
asperity angle of the joint profile. For t/a<(t/a)cr shear response is governed by
the infill and asperity profile whereas at t/a>(t/a)cr, joint shear behaviour is
mainly governed by the shear strength of infill alone (Section 8.2.2).

•

As mentioned in Section 6.5 the strength envelope of infilled joints with
frictional infill such as clayey sand is narrower than for infill with a smaller
friction angle such as bentonite.

•

At low infill thickness and at high σno, the 2nd shearing cycle appears more
ductile compared to the 1st cycle because of asperity degradation (Section 6.2.7).
It is expected that progressive shearing will ultimately bring the joint shear
strength closer to the infill strength alone.

•

The increase in infill thickness above (t/a)cr will bring the overall joint shear
strength towards the infill alone (Section 6.3). In all circumstances, the friction
angle of infilled joints is less than the bare (unfilled) joints.

•

Similar to CNL, the occurrence of two peaks (Section 6.2.2) during joint
shearing is related to the infill shear strength (peak 1) and the interaction of
asperities (peak 2).
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The joint shear strength also varies as a function of shear displacement, which is
demonstrated by the number of shearing cycles for both CNL and CNS testing. As a
consequence, the shear strength of Type 1 joint during the 2nd shearing cycle has been
less than the 1st cycle (Section 6.2.2). This is the result of a reduced friction angle of
graphite infill which becomes compacted and oriented in the direction of shearing
during the 1st cycle, thereby giving a reduced angle of shearing resistance in the 2nd
cycle. The opposite is sometimes observed in Type 2 joints (i=18.50) at low σno under
CNL conditions, where the 2nd cycle indicates greater values of shear stress. This is
because of the increased asperity interaction under CNL where asperity breakage is
insignificant. At higher σno, the shear strength of Type 2 joints in the 2nd cycle has
become less than the 1st cycle due to increased asperity degradation (Section 5.4.2).
Under CNS conditions where asperity degradation is always greater than under CNL,
shear stresses during the 2nd cycle are always expected to be less than those observed
during the 1st cycle (Section 6.2.2).

9.2.4

The new shear strength model

The new proposed shear strength model (Chapter 8) represents a variation in the
normalised shear stress (τs/σn) as a function of t/a ratio. This model is capable of
explaining the decrease of shear strength with increasing t/a ratio where the critical t/a
ratio plays an important role in ultimate shear strength. The model identifies two
distinct zones of shear strength affected by infill and asperity properties (Figure 9.1). In
the first zone (0<t/a<(t/a)cr), the mathematical function ‘A’ includes the dominance of
asperity interaction when the infill thickness is relatively small, while in the 2nd zone
(t/a>(t/a)cr), the infill properties assume an increased role, represented by the
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mathematical function ‘B’. Overall joint strength is given by the summation of functions
A and B. Figures 9.1 (modified from Fig. 8.2) summarises this new model..

For rough joints without infill t/a = 0, normalised shear strength is equal to
tan(φb+i). Term ‘B’ gradually increases the effect of term tan(ϕfill), until (t/a)cr is
reached (Section 8.2.1). α and β are empirical coefficients established by non-linear
regression (Table 8.1). At (t/a)cr, function ‘A’ becomes zero and function B becomes
equal to tan (ϕfill).

Under CNS conditions σn is expected to change during shearing. The σn
corresponding to τs is established with an appropriate value of γ (Section 8.2.3), which
is an empirical coefficient derived by non-linear regression. When t/a exceeds (t/a)cr
(i.e. κ > 1), γ approaches zero.

The magnitudes of α and β are characteristic of a given joint geometry-infill
combination under CNS conditions. While the α values for Type 2 joints are slightly
less than or almost equal to those of Type 1 joints for the same infill, the β values are
substantially higher than Type 1 values (Table 8.1). For other types of infill in Types 1
or 2 joints, it may be possible to obtain rough estimates of (α,β) by interpolation
between the values given in Table 8.1. These empirical coefficients α and β have
proven its ability to model laboratory observed shear behaviour of joints with graphite,
bentonite, and clayey sand. The comparison of model with experimental results has
proven the reliability of the model to accurately predict the shear strength of infilled
joints (as illustrated in Section 8.2.3).
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As this formulation is based on parameters which can easily be measured under
laboratory conditions, it is convenient to quantify the strength of infilled joints

Non-interfering

Interfering
(no infill)
A+B

ϕfill

(t/a)crit

Normalised Shear strength (τs /σn)

encountered in various rock structures using this new model.

 2 

B = tan ϕ fill × 
1+1 κ 

β

A = tan (φ b + i )(1 − κ )α
t/a ratio

Figure 9.1 New shear strength model for infilled joints showing the role of φb and ϕfill
(modified from Figure 8.2 for convenience).

9. 3 FUTURE RECOMMENDATIONS

•

The degree of infill saturation affects the joint shear strength, therefore, it is
important to examine the effect of the changing water content of a given infill.
For example, joints that act as conduits for water during heavy precipitation will
mostly contain near saturated sediments. During the dry season, the water
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content will gradually reduce increasing the effective shear strength of the
sediments.

•

Assessing the role of different infill types on joint shear response is very
important. Infill that are (i) purely cohesive, undrained and saturated (φu=0), (ii)
drained and cohesive soils (cd,φd), (iii) fully drained granular infills (cd=0, φd)
and partially drained cohesive (cpd, φpd) should be investigated in more detail.

•

Changing the asperity profiles where the asperity angles are varied, as well as
examining the effect of wavy and irregular geometric patterns, will shed further
light on the shear behaviour of infill joints.

•

The ability of asperities to break under a given normal load and their hardness
can influence joint shear behaviour and therefore needs to be studied. For
example, the breakage of sedimentary asperities is expected to be more
pronounced than igneous and metamorphic counterparts at the same magnitude
of loading.

•

The affect of pore pressure generation in saturated clay fills during undrained
loading where the effective stresses govern shear behaviour needs to be
investigated. This research is now currently underway at the University of
Wollongong through another PhD study.

•

The affect of shearing rates on the drainage of cohesive soils (e.g. clays) needs
to be examined further. Although this has been discussed earlier by de Toledo
and de Freitas (1993) for CNL testing, the optimum shearing rates for
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maintaining fully drained conditions are expected to vary for CNS testing of
different infill types. This study assumed fully drained conditions for all 3 infill
types at the shearing rate of 0.5 mm/minute. The behaviour of undrained fills at
much higher shearing rates also needs to be examined further.

•

Catastrophic slope failures in jointed rock strata have occurred as a result of past
earthquakes. Investigations revealed that the cause of these disastrous failures
was a significant reduction in joint effective shear strength due to sudden and
excessive pore pressure build-up in the infill. The effect of dynamic loading on
infilled joints will be most useful and extend the current knowledge of rock joint
testing.
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APPENDIX A
JOINT ROUGHNESS MEASUREMENT

Joint roughness measured along 5 scan lines are shown below in Figs. A.1 to
A.5. The scan line spacing and the sampling interval are 2 mm. Data file of 3 scan
lines is also given at the end of figures. Joint roughness was measured under digital
Ferranti Coordinate Measuring Machine at University of Wollongong.
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Figure A.1 Surface heights measured with reference to datum plane z=0, scan line x=0.
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Figure A.2 Surface heights measured with reference to datum plane z=0, scan line x=2.
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Figure A.3 Surface heights measured with reference to datum plane z=0, scan line x=4.
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Figure A.4 Surface heights measured with reference to datum plane z=0, scan line x=6.
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Figure A.5 Surface heights measured with reference to datum plane z=0, scan line x=8.
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DATA FILE OF TYPE 1 JOINT WITH 6 MM GRAPHITE INFILL UNDER CNS TESTING
Data sheet as recoreded by CMM

0
X
Y
Z

0
0
0

1
X
Y
Z

0.003
0.001
-5.886

2
X
Y
Z

0.001
0.002
-5.88

3
X
Y
Z

0.001
0.003
-5.891

0
0
0
0
0
0
0
1
0
0
0
0
0
0
2
0
0
0
0
0
0
3
0
0
0
0
0

Data converted by Macro'A'
into X, Y and Z columns
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.003
0
0.003
0.001
0.003
0.001
-5.886
0.001
-5.886
0
-5.886
0
0
0
0
0
0
0
0
0
0
0.001
0
0.001
0.002
0.001
0.002
-5.88
0.002
-5.88
0
-5.88
0
0
0
0
0
0
0
0
0
0
0.001
0
0.001
0.003
0.001
0.003
-5.891
0.003
-5.891
0
-5.891
0
0
0
0
0
0
0
0
0
0
0.001
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Final data processing by Macro 'B'
for the use in Fourier analysis and Grafer
No. X
Y
Z
1
0.003
0.001
-5.886
2
0.001
0.002
-5.88
3
0.001
0.003
-5.891
4
0.001
0.003
-5.892
5
0.001
0.005
-5.884
6
0.001
0.006
-5.885
7
0.001
0.007
-5.879
8
0.002
0.008
-5.882
9
0.002
0.01
-5.882
10
0.001
0.999
-5.228
11
0.002
2
-4.535
12
0.001
3
-4.034
13
0.001
4.001
-3.711
14
0.002
5
-3.471
15
0.002
6
-3.205
16
0.001
7
-2.945
17
0.001
8
-2.274
18
0.001
9
-1.972
19
0.001
10
-1.625
20
0
10.999
-0.584
21
0
11.999
-0.138
22
0
13
0.203
23
0
14
0.65
24
0.002
15
0.973
25
0.002
15.999
1.328
26
0.002
17
1.84
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Data sheet as recoreded by CMM

0
X
Y
Z

0
0
0

1
X
Y
Z

0.003
0.001
-5.886

2
X
Y
Z

0.001
0.002
-5.88

3
X
Y
Z

0.001
0.003
-5.891

4

0
0
0
0
0
0
0
1
0
0
0
0
0
0
2
0
0
0
0
0
0
3
0
0
0
0
0
0
4
0
0

Data converted by Macro'A'
into X, Y and Z columns
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.003
0
0.003
0.001
0.003
0.001
-5.886
0.001
-5.886
0
-5.886
0
0
0
0
0
0
0
0
0
0
0.001
0
0.001
0.002
0.001
0.002
-5.88
0.002
-5.88
0
-5.88
0
0
0
0
0
0
0
0
0
0
0.001
0
0.001
0.003
0.001
0.003
-5.891
0.003
-5.891
0
-5.891
0
0
0
0
0
0
0
0
0
0
0.001
0
0.001
0.003
0.001
0.003
-5.892
0.003
-5.892
0
-5.892
0
0
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Final data processing by Macro 'B'
for the use in Fourier analysis and Grafer
No. X
Y
Z
1
0.003
0.001
-5.886
2
0.001
0.002
-5.88
3
0.001
0.003
-5.891
4
0.001
0.003
-5.892
5
0.001
0.005
-5.884
6
0.001
0.006
-5.885
7
0.001
0.007
-5.879
8
0.002
0.008
-5.882
9
0.002
0.01
-5.882
10
0.001
0.999
-5.228
11
0.002
2
-4.535
12
0.001
3
-4.034
13
0.001
4.001
-3.711
14
0.002
5
-3.471
15
0.002
6
-3.205
16
0.001
7
-2.945
17
0.001
8
-2.274
18
0.001
9
-1.972
19
0.001
10
-1.625
20
0
10.999
-0.584
21
0
11.999
-0.138
22
0
13
0.203
23
0
14
0.65
24
0.002
15
0.973
25
0.002
15.999
1.328
26
0.002
17
1.84
27
0.003
17
1.831
28
0.003
18
2.153
29
0.003
19
2.629
30
0.003
20
2.98

Appendix B

CNS testing of infilled joints

APPENDIX B
CNS TESTING OF INFILLED JOINTS

Figure B.1 Type 1 joint set after testing.
Note: Asperity degradation has occurred due to low infill thickness and high normal stress.

Figure B.2
Type 2 joint set
after testing.
Note: Asperity degradation has not occurred due to thick infill cover (9 mm).
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Figure B.3 Type 1 joint with 1.5 mm clayey sand infill before testing.

Figure B.4 Type 1 joint after testing with 3 mm clay infill.
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Figure B.5 Joint sample preparation for testing in the CNS apparatus.
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DATA FILE OF TYPE 1 JOINT WITH 6 MM GRAPHITE INFILL UNDER CNS TESTING
Date
23/10/2002 15:05
23/10/2002 15:05
23/10/2002 15:05
23/10/2002 15:05
23/10/2002 15:05
23/10/2002 15:05
23/10/2002 15:05
23/10/2002 15:05
23/10/2002 15:05
23/10/2002 15:05
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06

Offset
0.000732
0.005249
0.010498
0.000732
0.004516
0.009765
0.000732
0.009155
0.000732
0.003173
0.000732
0.000732
0.002441
0.000732
0.00061
0.032958
0.000732
0.000732
0.00061
0.000732
0.000732
0.00061
0.005493
0.010742
0.015991
0.00476
0.010009
0.000732
0.004028

A.Normal
Load
20.43525
20.46175
20.43656
20.41745
20.41337
20.40638
20.39699
20.39849
20.39956
20.39757
20.39581
20.37559
20.36931
20.36605
20.3633
20.36946
20.34303
20.33104
20.34694
20.32546
20.31929
20.32802
20.30005
20.30903
20.2913
20.29966
20.28196
20.28554
20.24743

A.Vertical
Disp
4.33784
4.33284
4.33418
4.33585
4.33537
4.33165
4.33455
4.33037
4.33172
4.32914
4.33199
4.33033
4.32805
4.32785
4.32806
4.32894
4.32652
4.32663
4.32746
4.32499
4.32448
4.3252
4.32033
4.32495
4.3229
4.32114
4.32026
4.32312
4.31918

A.Horz
Disp
3.01558
3.02228
3.01595
3.02721
3.02729
3.03486
3.02863
3.03826
3.04393
3.04432
3.04374
3.04939
3.05341
3.06366
3.06437
3.06753
3.07888
3.07248
3.07815
3.08443
3.08734
3.09187
3.09009
3.09491
3.10116
3.10757
3.10417
3.1147
3.11935

A.Axial
Load
-3.15613
-3.17992
-3.21671
-3.24639
-3.26218
-3.29419
-3.31077
-3.36387
-3.38985
-3.43029
-3.46618
-3.49222
-3.52032
-3.55529
-3.5735
-3.63024
-3.6389
-3.67694
-3.71463
-3.74603
-3.76867
-3.80955
-3.83589
-3.87161
-3.91087
-3.94092
-3.95845
-3.9963
-4.03658
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Normal
Stress
1.1594468
1.1609173
1.1595193
1.1583796
1.1581477
1.1577138
1.1572118
1.1572494
1.1572822
1.1571674
1.1570704
1.1558955
1.1555195
1.1552842
1.1551247
1.1554586
1.1539037
1.1532549
1.154129
1.1528798
1.1525156
1.1529885
1.1514108
1.1518965
1.1508603
1.1513031
1.1503159
1.1504674
1.1482833

Shear
Stress
0.1790712
0.1804158
0.1825081
0.1841832
0.185079
0.1868891
0.1878347
0.1908395
0.1923087
0.1946026
0.1966391
0.1981116
0.1997023
0.2016773
0.2027097
0.2059255
0.2064068
0.2085702
0.210703
0.2124785
0.21376
0.2160745
0.2175702
0.2195917
0.2218126
0.2235108
0.2245083
0.2266448
0.2289247

Cor.
Dilation
0
-0.0059
-0.00456
-0.00289
-0.00337
-0.00709
-0.00419
-0.00837
-0.00702
-0.0096
-0.00675
-0.00841
-0.01069
-0.01089
-0.01068
-0.0098
-0.01222
-0.01211
-0.01128
-0.01375
-0.01426
-0.01354
-0.01841
-0.01379
-0.01584
-0.0176
-0.01848
-0.01562
-0.01956

Cor.Hor.Disp.
0
0.0067
0.00037
0.01163
0.01171
0.01928
0.01305
0.02268
0.02835
0.02874
0.02816
0.03381
0.03783
0.04808
0.04879
0.05195
0.0633
0.0569
0.06257
0.06885
0.07176
0.07629
0.07451
0.07933
0.08558
0.09199
0.08859
0.09912
0.10377

CorShear Stress
0
0.1804158
0.1825081
0.1841832
0.185079
0.1868891
0.1878347
0.1908395
0.1923087
0.1946026
0.1966391
0.1981116
0.1997023
0.2016773
0.2027097
0.2059255
0.2064068
0.2085702
0.210703
0.2124785
0.21376
0.2160745
0.2175702
0.2195917
0.2218126
0.2235108
0.2245083
0.2266448
0.2289247

Appendix B

23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06
23/10/2002 15:06

CNS testing of infilled joints

0.009277
0.000732
0.003295
0.008666
0.000732
0.002685
0.007934
0.000732
0.001953
0.007202
0.000732
0.032348
0.006469
0.00061
0.000732
0.000732
0.00061
0.00061
0.000732
0.000732
0.00061
0.009521
0.01477
0.00354
0.014038
0.002807
0.008056
0.013305
0.002075
0.007812
0.000732
0.000976
0.006591

20.2411
20.23269
20.23157
20.23465
20.21722
20.21002
20.20769
20.19939
20.1719
20.15546
20.14879
20.15267
20.12559
20.14723
20.15377
20.11374
20.13117
20.1073
20.09615
20.08366
20.07423
20.05392
20.05414
20.03468
20.40886
20.36956
20.33688
20.35758
20.3428
20.32969
20.78425
20.7551
20.72785

4.32227
4.32121
4.31975
4.31848
4.31581
4.31659
4.31627
4.31415
4.3145
4.31147
4.31091
4.31174
4.31252
4.30997
4.30916
4.30681
4.30952
4.30689
4.30683
4.30432
4.30057
4.30138
4.3027
4.29781
4.33207
4.32975
4.32916
4.3279
4.32417
4.32464
4.37002
4.36719
4.36462

3.1249
3.12918
3.13015
3.13321
3.1354
3.14415
3.14305
3.14734
3.15329
3.16319
3.15789
3.16877
3.17998
3.17448
3.18324
3.1905
3.19281
3.19987
3.20397
3.20969
3.21149
3.22291
3.22533
3.23738
3.25076
3.25939
3.27016
3.27049
3.27935
3.28471
3.28102
3.30221
3.30306

-4.0614
-4.10876
-4.13057
-4.16426
-4.19761
-4.24095
-4.25381
-4.30581
-4.33518
-4.36214
-4.38859
-4.43274
-4.46192
-4.49544
-4.5295
-4.55311
-4.59529
-4.62273
-4.6387
-4.68867
-4.71934
-4.77681
-4.81013
-4.84139
-4.87747
-4.89041
-4.91877
-4.95876
-4.98801
-5.00304
-5.01353
-5.01433
-5.04911
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1.1478972
1.1473994
1.1473311
1.1474909
1.1464917
1.1460408
1.145914
1.1454225
1.1438347
1.1428543
1.1425019
1.142669
1.1410792
1.1423328
1.1426611
1.1403563
1.1413333
1.1399458
1.1392938
1.138558
1.1380147
1.1368081
1.1368089
1.1356476
1.1567918
1.1545219
1.1526169
1.1537885
1.1529074
1.1521381
1.1779177
1.1761598
1.1746113

0.2303269
0.2330085
0.2342444
0.2361519
0.2380409
0.2404897
0.2412201
0.2441644
0.2458236
0.2473419
0.2488473
0.2513391
0.2529816
0.2548881
0.2568097
0.2581403
0.2605292
0.262077
0.2629778
0.2658043
0.2675409
0.2707858
0.2726718
0.2744298
0.2764592
0.2771825
0.2787771
0.2810432
0.2826904
0.2835357
0.2841347
0.2841544
0.2861243

-0.01647
-0.01753
-0.01899
-0.02026
-0.02293
-0.02215
-0.02247
-0.02459
-0.02424
-0.02727
-0.02783
-0.027
-0.02622
-0.02877
-0.02958
-0.03193
-0.02922
-0.03185
-0.03191
-0.03442
-0.03817
-0.03736
-0.03604
-0.04093
-0.00667
-0.00899
-0.00958
-0.01084
-0.01457
-0.0141
0.03128
0.02845
0.02588

0.10932
0.1136
0.11457
0.11763
0.11982
0.12857
0.12747
0.13176
0.13771
0.14761
0.14231
0.15319
0.1644
0.1589
0.16766
0.17492
0.17723
0.18429
0.18839
0.19411
0.19591
0.20733
0.20975
0.2218
0.23518
0.24381
0.25458
0.25491
0.26377
0.26913
0.26544
0.28663
0.28748

0.2303269
0.2330085
0.2342444
0.2361519
0.2380409
0.2404897
0.2412201
0.2441644
0.2458236
0.2473419
0.2488473
0.2513391
0.2529816
0.2548881
0.2568097
0.2581403
0.2605292
0.262077
0.2629778
0.2658043
0.2675409
0.2707858
0.2726718
0.2744298
0.2764592
0.2771825
0.2787771
0.2810432
0.2826904
0.2835357
0.2841347
0.2841544
0.2861243
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APPENDIX C
TRIAXIAL TESTING OF JOINTED CORE SPECIMENS

Figure C.1 Compression testing machine at University of Wollongong.

Figure C.2 GDS triaxial apparatus at University of Wollongong.
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Appendix C

Triaxial testing of jointed core specimens

DATA FILE OF A TRIAXIAL TEST OF A CORE SAMPLE WITH AN INFILLED JOINT
Date
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:44
18/02/2003 11:45

Offset
0.00061
0.000732
0.000732
0.000732
0.00061
0.000732
0.000732
0.00061
0.009277
0.014526
0.003784
0.039794
0.013793
0.002685
0.007812
0.013061
0.001831
0.007568
0.00061
0.000732
0.006347
0.000732
0.000732
0.005615
0.000732
0.00061
0.004882
0.000732
0.000732
0.00415
0.000732
0.000732
0.003417
0.000732
0.000732
0.000732
0.007934
0.013183
0.002441
0.104492
0.012451
0.000854
0.006591
0.011718
0.000732
0.006225
0.010986
0.00061
0.005004
0.010742
0.00061
0.004272
0.000732
0.000732

Schedule
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

A.LVDT(DC50)
17.25349
17.23151
17.2342
17.22287
17.20466
17.20985
17.1992
17.1803
17.17879
17.16038
17.14643
17.14265
17.13411
17.1252
17.1145
17.10026
17.09034
17.08014
17.06151
17.06636
17.05246
17.0478
17.03302
17.02931
17.01386
17.01636
16.99543
16.99357
16.98458
16.97265
16.98186
16.9502
16.96289
16.94746
16.9346
16.93238
16.92746
16.91135
16.91681
16.89446
16.90185
16.88674
16.89402
16.86678
16.86759
16.85769
16.8546
16.83532
16.83992
16.82912
16.81019
16.80567
16.78516
16.78411

285

A.LCELL(25K-B)
13.65782
13.75485
13.84738
13.91841
14.02722
14.14259
14.22932
14.33206
14.40245
14.49589
14.61848
14.71358
14.78874
14.88366
14.99117
15.10563
15.19868
15.31292
15.36989
15.47567
15.58086
15.66469
15.76286
15.87089
15.96726
16.04494
16.11998
16.23801
16.30929
16.37726
16.49384
16.59422
16.6514
16.74829
16.83046
16.93393
17.01669
17.10701
17.17155
17.3076
17.3711
17.44108
17.54239
17.63136
17.69353
17.79743
17.89119
17.96245
18.05514
17.36351
17.44921
17.50569
17.58725
17.68393

Strain%
0
0.02154902
0.018911765
0.030019608
0.047872549
0.042784314
0.05322549
0.071754902
0.073235294
0.091284314
0.104960784
0.108666667
0.117039216
0.12577451
0.136264706
0.15022549
0.15995098
0.16995098
0.188215686
0.183460784
0.197088235
0.201656863
0.216147059
0.219784314
0.234931373
0.232480392
0.253
0.254823529
0.263637255
0.275333333
0.266303922
0.297343137
0.284901961
0.300029412
0.312637255
0.314813725
0.319637255
0.335431373
0.330078431
0.351990196
0.344745098
0.359558824
0.352421569
0.379127451
0.378333333
0.388039216
0.391068627
0.409970588
0.405460784
0.41604902
0.434607843
0.439039216
0.459147059
0.460176471

Stress
6.006485
6.046891
6.077908
6.125424
6.175803
6.213677
6.258541
6.289279
6.330083
6.383616
6.425144
6.457965
6.499415
6.546362
6.596345
6.636978
6.686865
6.711742
6.757934
6.803869
6.840476
6.883345
6.93052
6.972603
7.006524
7.039293
7.090834
7.121961
7.151642
7.20255
7.246384
7.271354
7.313664
7.349546
7.394729
7.430869
7.47031
7.498493
7.557904
7.585633
7.616192
7.660432
7.699284
7.726432
7.771803
7.812747
7.843865
7.884341
7.582319
7.619742
7.644406
7.680022
7.72224

Appendix C

18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45
18/02/2003 11:45

Triaxial testing of jointed core specimens

0.00354
0.000732
0.000732
0.002807
0.000732
0.000732
0.002075
0.00061
0.000732
0.000976
0.039428
0.01184
0.000732
0.005859
0.011108
0.000732
0.005126
0.010375
0.000732
0.004882
0.009643
0.000732
0.003662
0.008911
0.00061
0.002929
0.008666
0.000732
0.002197
0.000732
0.000732
0.001586
0.000732
0.000732
0.000732
0.008178
0.000732
0.000732
0.000732
0.010498
0.015747
0.004516
0.009765
0.015014
0.004272
0.009033
0.000732
0.003173
0.008422
0.00061
0.002441
0.008178
0.00061
0.001708
0.006958
0.000732
0.00061
0.006225

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

16.78215
16.77849
16.77252
16.75774
16.75732
16.73944
16.74196
16.73008
16.72817
16.71725
16.70964
16.70786
16.6908
16.6985
16.68085
16.66419
16.67907
16.66755
16.65051
16.65302
16.6554
16.6349
16.64587
16.62553
16.61901
16.60898
16.59641
16.60229
16.59677
16.57876
16.58043
16.55626
16.55958
16.54788
16.54006
16.53811
16.52812
16.52189
16.51713
16.51707
16.49671
16.50325
16.49042
16.48309
16.47966
16.48913
16.46845
16.4684
16.45888
16.45714
16.44628
16.44755
16.43832
16.43749
16.42214
16.42645
16.42072
16.3973

286

17.76141
17.83072
17.91017
18.00535
18.0915
18.17181
18.24343
18.3047
18.39002
18.4759
18.56306
18.60633
18.67845
18.75815
18.83125
18.92027
19.00573
19.07043
19.13046
19.22089
19.29095
19.34908
19.44423
19.56375
19.66378
19.78768
19.8777
19.97754
20.07379
20.17387
20.27419
20.36707
20.46495
20.5745
20.65498
20.75138
20.88575
21.07041
21.1987
21.33944
21.4262
21.53253
21.62679
21.70959
21.81219
21.89358
21.99259
22.08823
22.19645
22.27566
22.35696
22.47009
22.53329
22.64077
22.71213
22.80112
22.91541
22.99529

0.462098039
0.465686275
0.471539216
0.486029412
0.486441176
0.503970588
0.5015
0.513147059
0.515019608
0.52572549
0.533186275
0.534931373
0.551656863
0.544107843
0.561411765
0.577745098
0.563156863
0.57445098
0.591156863
0.588696078
0.586362745
0.606460784
0.595705882
0.615647059
0.622039216
0.631872549
0.644196078
0.638431373
0.643843137
0.6615
0.659862745
0.683558824
0.680303922
0.69177451
0.699441176
0.701352941
0.711147059
0.717254902
0.721921569
0.721980392
0.741941176
0.735529412
0.748107843
0.755294118
0.758656863
0.749372549
0.769647059
0.769696078
0.779029412
0.780735294
0.791382353
0.790137255
0.799186275
0.8
0.81504902
0.810823529
0.816441176
0.839401961

7.756074
7.786341
7.821035
7.862598
7.900218
7.935288
7.966563
7.993319
8.030576
8.068079
8.10614
8.125035
8.156528
8.191332
8.223253
8.262127
8.299445
8.327699
8.353913
8.393402
8.423996
8.44938
8.49093
8.543122
8.586803
8.640908
8.680218
8.723817
8.765847
8.80955
8.853358
8.893917
8.936659
8.984498
9.019642
9.061738
9.120415
9.201052
9.257074
9.318533
9.356419
9.402852
9.444013
9.48017
9.524974
9.560515
9.603751
9.645515
9.692773
9.727362
9.762865
9.812266
9.839865
9.886799
9.917961
9.956821
10.00673
10.04161
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18/02/2003 11:45
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46
18/02/2003 11:46

Triaxial testing of jointed core specimens

0.000732
0.00061
0.005493
0.000732
0.000732
0.110961
0.00061
0.000732
0.00061
0.009277
0.014526
0.003784
0.008544
0.013793
0.002563
0.007812
0.013061
0.001831
0.007568
0.00061
0.000732
0.006347
0.00061
0.000732
0.005615
0.000732
0.00061
0.004882
0.000732
0.00061
0.0354
0.000732
0.000732
0.003417
0.000732
0.000732
0.000732
0.00061
0.013183
0.002441
0.007202
0.012451
0.000854

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

16.3982
16.40206
16.40148
16.3802
16.36901
16.37737
16.38243
16.36914
16.35851
16.34363
16.36085
16.35029
16.33521
16.34202
16.33512
16.32255
16.33313
16.31965
16.31398
16.31943
16.29388
16.30897
16.30489
16.29613
16.29872
16.29181
16.28493
16.27776
16.26726
16.27321
16.25663
16.25263
16.25758
16.25493
16.246
16.25077
16.24785
16.23602
16.23474
16.24254
16.22918
16.21896
16.21666

287

23.08492
23.1693
23.24875
23.31956
23.39915
23.48445
23.56773
23.65818
23.73933
23.82055
23.91914
24.02089
24.17429
24.26779
24.36352
24.44903
24.54927
24.6274
24.6274
24.58004
24.97004
25.07004
25.07033
25.13668
25.22575
25.30362
25.38961
25.48794
25.57611
25.67133
25.70775
25.8078
25.89916
25.97979
26.04801
26.14447
26.21297
26.29493
26.37946
26.47962
26.51633
26.60527
26.66942

0.838519608
0.834735294
0.835303922
0.856166667
0.867137255
0.858941176
0.853980392
0.867009804
0.877431373
0.892019608
0.875137255
0.885490196
0.90027451
0.893598039
0.900362745
0.912686275
0.902313725
0.915529412
0.921088235
0.915745098
0.940794118
0.926
0.93
0.938588235
0.93604902
0.942823529
0.949568627
0.956598039
0.966892157
0.961058824
0.977313725
0.981235294
0.976382353
0.978980392
0.987735294
0.983058824
0.985921569
0.997519608
0.99877451
0.991127451
1.00422549
1.014245098
1.0165

10.08075
10.1176
10.15229
10.18321
10.21797
10.25522
10.29159
10.33108
10.36652
10.40199
10.44504
10.48947
10.55646
10.59729
10.63909
10.67643
10.72021
10.75432
10.75432
10.73364
10.90395
10.94762
10.94774
10.97672
11.01561
11.04962
11.08717
11.1301
11.16861
11.21019
11.22609
11.26978
11.30968
11.34489
11.37468
11.4168
11.44671
11.4825
11.51941
11.56315
11.57918
11.61802
11.64603
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APPENDIX D

STABILITY ANALYSIS OF A ROCK BLOCK IN A TUNNEL

A stability analysis of a rock block using the new shear strength model is
presented here. Fig. D.1, shows a major discontinuity plane inclined at an angle β=450.
The discontinuity surface is assumed to be rough, having asperity angles which
represent Type 1 and 2 joints. The normal load acting perpendicular to the plane will not
remain constant during joint displacement due to the confinement observed in
underground conditions. Therefore, the shear behaviour of such a discontinuity plane
can be explained better by CNS. A simplified stability analysis of the sliding rock block
is given below. The illustrated example is based on rock block sliding observed in
underground tunnels. The specific gravity of the host rock is taken as 2.9 (characteristic
of gneissic rocks) and the infill types as graphite, bentonite and clayey sand. The
proposed shear strength model given in Chapter8 is used for the stability analysis.

8.3.1

Limit Equilibrium Analysis (initial condition without bolts)

The weight of the block, W = 15x103 kN/m.

Resolving the force W, into components parallel and perpendicular to the discontinuity
plane, the disturbing force (DF) is defined as.

DF = W sin45o =15x 103 x sin45o = 10.6 x 103 kN/m
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S

No

δN

450

W

T

S

joint dilates
by dh

CNS behaviour

No=Component of initial normal force
δN=Incremental normal force resulting from
joint dilation under CNS
S=Shear resistance

Figure D.1 Forces acting on the discontinuity plane of a rock block sliding into a
tunnel after displacement.

The resisting force (RF) can be calculated as a product of A and B (Chapter 8), as
described by,

 2 
τs
α

= A + B = tan (φb + i ) × (1 − κ ) + tan ϕ fill × 
σn
1+1 κ 

β

for joints with three

different infill types, a range of infill thicknesses, and two asperity angles. The value of
σn is defined taking into account the weight of the rock block and the underground
confinement.

γ

 2 
The resisting force is =  1 + κ  x σno x Cos 450 x (A+B)
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σn/σno is taken as the ratio which is observed at 1.1 MPa initial normal stress level
(Chapter 8) which is approximately equal to the values given in Table D.1.
The Safety Factor (SF) is taken as:
SF=RF/DF
The Safety Factors (SF) corresponding to joint types, infill thickness and infill
type are summarised in Table D.1. As expected the SF has been higher for clayey sand
than graphite and bentonite. Furthermore the joint with greater asperity angle has
demonstrated enhance safety factor due to the asperity influence. Changing initial
normal stress under Constant Normal Stiffness conditions has also contributed to the
safety factor.
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Table D.1 Factor of safety determined for infilled joint shearing (graphite, bentonite
and clayey sand) under CNS conditions.

t/a

Graphite
A+B

σn/σno

RF

SF

Bentonite
A+B

σn/σno

RF

SF

Type 1

0.2
0.4
0.6
0.8
1
1.2
1.6

0.771369
0.632213
0.518678
0.43381
0.384253
0.383864
0.383864

1.2
1.1
1
1
1
1
1

9.81
7.37
5.50
4.60
4.07
4.07
4.07

0.92
0.69
0.51
0.43
0.38
0.38
0.38

0.860739
0.792964
0.7271
0.660798
0.595116
0.532978
0.466308

1.2
1.1
1
1
1
1
1

10.95
9.25
7.71
7.00
6.31
5.65
4.94

1.03
0.87
0.72
0.66
0.59
0.53
0.46

Type 2

0.2
0.3
0.6
0.8
1
1.2
1.6
1.8
2

1.05237
0.946472
0.68771
0.556148
0.456056
0.41698
0.383864
0.383864
0.383864

1.6
1.5
1.4
1.4
1.2
1.1
1
1
1

17.85
15.05
10.21
8.25
5.80
4.86
4.07
4.07
4.07

1.68
1.42
0.96
0.77
0.54
0.45
0.38
0.38
0.38

1.148034
1.075995
0.888679
0.786205
0.69841
0.622693
0.502653
0.466308
0.466308

1.5
1.35
1.2
1.05
1
1
1
1
1

18.26
15.40
11.31
8.75
7.40
6.60
5.33
4.94
4.94

1.72
1.45
1.06
0.82
0.69
0.62
0.50
0.46
0.46
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